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ABSTRACT 

Cellulose nanocrystals (CNCs) thin films draw considerable interest in engineering and 

technological applications due to their excellent mechanical and physical properties associated 

with dynamic and microstructural features. Here, we employ coarse-grained molecular dynamics 

(CG-MD) simulations to investigate how the dynamics and microstructure change in the CNC 

films under tensile deformation. Our results show that the Young’s modulus can be quantitatively 

predicted by the power-law scaling relationship with initial packing density, where higher density 

leads to an increase in both modulus and strength. By evaluating the molecular local stiffness 

during the tensile process, our findings show that CNC film with higher density exhibits a higher 

degree of dynamic heterogeneity, which is greatly reduced under deformation. Our results further 

demonstrate that randomly oriented CNCs tend to be more aligned with the tensile direction 

associated with higher free volume and porosity during the deformation; however, the dynamics 

of CNC is more associated with the degree of local packing and density rather than the CNC 

orientation. Our study provides fundamental insights into deformational mechanisms associated 

with the microstructure and dynamics of CNC films at a molecular level, aiding in the tailored 

design of cellulose-based materials for their mechanical performance. 

  



INTRODUCTION 

With the increasing demands in multifunctionality, recyclability, and environmental friendliness 

[1,2], cellulose-based nanomaterials have drawn considerable attentions as sustainable and 

renewable materials that offer potential alternatives to conventional petroleum-derived polymers 

in various applications, such as nanocomposites [3,4], advanced manufacturing [5,6], electronics 

[7], tissue engineering [8,9], and food packaging [10,11]. As the most abundant biopolymer on 

earth, a cellulose chain typically has a high molecular weight consisting of glucose repeat units; 

multiple cellulose chains can stack together to form a hierarchical paracrystalline structure, which 

can be extracted from a wide range of biological sources (e.g., wood, plant, bacterial, algae, and 

tunicates) [12–16]. Cellulose can be further chemically or mechanically processed in the form of 

cellulose nanocrystals (CNCs) or nanofibers (CNFs) [17–20], which exhibit remarkable 

mechanical properties due to rich interchain/intrachain hydrogen-bonding. In particular, CNCs 

exhibit a rod-like shape with a high aspect ratio (i.e., 3–5 nm in cross section dimensions, 50–500 

nm in length) and possess stiff and predominantly crystalline structures after removal of 

amorphous domains, achieving remarkably high strength and stiffness (i.e., comparable to 

structural steel) [15]. These exceptional features have rendered CNCs as ideal candidates of 

nanoscale building blocks for the development of structural materials [21–23].  

           Recently, there is a particular upsurge of interests in nanocellulose-based thin films [24–26] 

comprised of readily self-assembled CNCs/CNFs, forming the so-called cellulose nanopapers. 

These cellulose thin films or nanopapers have been produced by several approaches, such as spin 

coating [27], Langmuir–Schaeffer [28], and Langmuir–Blodgett technique [29]. Cellulose 

nanofibers are often randomly distributed in ordinary nanopapers, exhibiting strong network-

forming characteristics [30], yielding interesting physical properties including optical transparency 



[31], low thermal expansion [24], high porosity and permeability, in addition to excellent structural 

performance [32]. For instance, light-weight porous nanocellulose derivative foams, exhibiting 

high specific surface area and high ductility and toughness, have received a great deal of attention 

and are of interest for applications involving mechanical energy absorption and sound insulation 

[32]. The full potential of nanopapers, however, is difficult to control due to their complex 

microstructural features arising from the random orientation of CNFs/CNCs. Considerable efforts 

have been made towards this direction. For instance, CNCs within suspensions can be oriented in 

a given direction by applying external force with multiple experimental techniques, including 

electric [33,34], magnetic fields [35,36], and shear casting [35,36]. The internal structure of 

processed CNC nanopapers can also adopt various other architectures, such as highly aligned, 

brick-and-mortar type, Bouligand (or twisted plywood) microstructures [37,38]. as well as 

isotropic assemblies, chiral nematic ordering fashion [39,40]. Moreover, it has been shown that 

the mechanical, barrier properties, and impact tolerance are highly dependent upon the 

microstructural arrangements (e.g., nanofiber orientation) of CNC thin films [30,37,41,42]. In 

particular, homogeneous dispersion of CNCs forming random network yields overall isotropy of 

physical and mechanical properties, and the porosity and density can be readily varied to achieve 

tunable permeability usage and lightweight performance. Despite considerable efforts, it still 

remains largely elusive that how the microstructural features (e.g., density, nanocrystal orientation) 

impact the dynamics and deformational response for describing structure-property relationship of 

cellulose nanopapers having a network topology. 

           To uncover the underlying molecular mechanisms associated with mechanical properties of 

nanocellulose films, several microstructure-based modeling approaches have been developed to 

interpret the mechanical behavior of materials and guide the design. Fibrous network model based 



on finite element method (FEM) has been useful in predicting the elastic modulus of cellulose 

nanopaper and elucidating the effect of inter-fiber bonds density and bonds stiffness on the 

modulus [43,44]. Moreover, Meng et al. developed a theoretical crack-bridging model to 

investigate the alignment effect on the fracture toughness of cellulose nanopaper [45]. Despite the 

success of continuum and theoretical modeling, they may lack of preserving nanoscopic details 

necessary to accurately capture the mechanical performance of nanocellulose films. Molecular 

dynamics (MD) simulations have been proved to be highly useful in this regard. All-atomistic (AA) 

MD simulations have been extensively employed to accurately present the nanoscale deformation 

and failure behavior of CNCs [46–49]. Zhu et al. proposed a molecular chain pull-out model to 

reveal the hydrogen bond breaking and re-forming mechanism, which in turn dictate the enhanced 

energy dissipation during sliding [50]. More recently, coarse-grained (CG) MD simulations have 

gained tremendous popularity due to its access to larger spatiotemporal scale as well as providing 

avenues for parametric studies. These methods have been successfully applied to CNC materials, 

both during quasi-static [40,51–53] and dynamic deformation procedures [37]. For instance, a CG 

model proposed by Shishehbor and Zavattieri offers a promising scheme to capture mechanical 

and interfacial features of CNC-based materials [54]. Ray et al. recently establish a bottom-up CG 

modeling which is capable of modeling cellulose fibers ranging from nanometers to microns and 

studying the deformation process of a cellulose nanopaper [55]. 

           In this work, we aim to better understand the dynamics and mechanical performance of 

nanocellulose thin films consisting of randomly oriented CNCs. By employing an atomistically-

informed CG model developed for CNCs [40], we systematically explore the microstructural 

features of CNCs (i.e., density, porosity, and nanocrystal orientation) and their coupling with the 

dynamics and mechanical properties of a random network of CNC nanopaper under tensile 



deformation. Specifically, first, the mechanical properties of CNC film with various packing 

density are compared to investigate the relationship between density and observed mechanics. 

Next, by evaluating molecular local stiffness, we gain valuable insights into the dynamical 

heterogeneities of CNC film in quasi-static tension. Finally, porosity analysis and orientation 

distribution are discussed to provide insights into the underlying mechanism of deformational 

behaviors of the CNCs. Our simulation results highlight the critical role of density and 

microstructure in the mechanics and dynamics of CNCs thin film at a fundamental level, paving 

the way for tailored design of lightweight performance of cellulose-based materials. 

 

Figure 1. (a) Coarse-graining scheme showing the mapping between molecular-scale cellulose 

chains (left; shows only the middle four chain) and the corresponding bead-spring CG 

representation of CNC (middle); the snapshot of the thin film system consisting of randomly 

oriented CNCs (3D view). (b) The snapshots of the CG thin film under uniaxial tension at different 

strains (top view). 



 

METHODS 

Overview of Coarse-Grained Model of CNCs. The ‘bead-spring’ mesoscopic CG model of 

explored CNC thin film system in this study is derived from all-atomistic (AA) counterpart of 

elementary cellulose fibril with Iβ-crystal structure. Within this model, each CG bead with the 

radius R = 17 Å corresponds to 3 repeat-unit atoms made of a 36-chain structured (110) cross-

section of CNCs as illustrated in Fig. 1a. The CG force fields are developed following a strain 

energy conservation paradigm by conserving the elastic strain energy and matching the mechanical 

properties of AA CNCs.[40] Specifically, the CG bonded interaction terms, i.e., bonds and angular 

bending along the fiber axial direction, are captured by harmonic spring potentials; pairwise 

nonbonded interactions are represented by the Morse potential, where the potential parameters are 

determined to preserve the interfacial adhesion energy of AA model of CNC. More detailed 

description of the CG model development can be found in the previous study [40]. Previous studies 

have shown that this CG model is capable of capturing the elastic, failure properties of 

nanocellulose to a good approximation and offering a promising scheme for simulating the ballistic 

impact on both structural and mechanical features of CNC film, in broadly agreement with other 

simulations and experimental observations [37,56].  

           All the CG-MD simulations are carried out using LAMMPS software package [57] and the 

visualization of simulation snapshots is performed by the Visual Molecular Dynamics (VMD).[58] 

To generate a representative network model, various amount of CNCs with 32 CG beads per CNC 

(length ~ 100 nm) are randomly packed into a fixed simulation cell with the size of 150 nm × 150 

nm × 45 nm, forming the network system with randomly in-plane oriented configurations (Fig. 

1a). To mimic the thin film systems, periodic boundary conditions (PBCs) are applied in the x-y 



plane while non-PBC is applied in z-direction (i.e., the thickness direction); two completely 

smooth implicit repulsive walls are introduced underneath and above the film for better control of 

geometry and density of films. The implemented repulsive wall has the following 9-3 Lennard-

Jones (LJ) potential function 
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where 𝜀!  refers to the strength parameter (i.e., the depth of potential well) for wall-bead 

interactions, rz is the distance of the CG bead from the wall, rc with a value of 2.5 Å is the cutoff 

distance at which the CG bead and wall no longer interact. The potential energy of the wall 

potential is shifted so that the wall-particle interaction energy is zero at the cutoff distance. We 

also performed additional free-standing film simulations without wall potential by adding extra 

vacuum space on z-direction to create free surfaces on top and bottom, and the result shows that 

there is no noticeable surface effect on elastic moduli, likely due to the high rigidity of CNC and 

large porosity of the film (Fig. S1 in Supporting Information). Moreover, we also test free-standing 

CNCs thin films with larger thicknesses, and the result shows that the elastic moduli are nearly 

invariant with film thickness, which again confirms the non-significant free surface effect on the 

mechanical response (Fig. S2 in Supporting Information). 

           During the equilibrium process, the simulated CNC thin film systems first undergo an 

energy minimization using the iterative conjugate gradient algorithm,[59] followed by two 

annealing cycles for 20 ns under a canonical ensemble (NVT), where the temperature is elevated 

from 300 to 1000 K and then cooled backed to 300 K. Afterward, the system is further performed 

for dynamics equilibration runs at the target density for another 10 ns at 300 K under the NVT 

ensemble. An integration timestep of Δt = 5 fs is adopted for all CG-MD simulations. Prior to 

mechanical response, structural stability and equilibration are confirmed by ensuring the total 



potential energy convergence is achieved. Six models are generated with independent initial 

configurations for each system to ensure adequate samplings and determine the averaged 

properties with standard deviation. The error bar in figures refers to the corresponding standard 

deviation. 

Property calculations. We perform the strain-controlled uniaxial tensile deformation in the x-

direction for the CNC thin film system. A constant engineering strain rate of 0.05 ns-1 is applied 

for all the simulations, which lies in the range of values adopted in previous simulation studies 

[40,53,60]. We elaborate in Supporting Information Fig. S5 that the stress and elastic modulus 

show an increase with strain rate, which is consistent with previous simulations of various 

nanomaterials [61]. However, the rate of that increase appears to be lower at small strain rates, 

indicating that the modulus is approaching nearly constant at lower strain rate values and the 

adopted rate in this study is close to the rate-independence regime. During the tensile deformation, 

the dimension in the lateral directions (i.e., both y- and z-directions) is fixed. The stress component 

in the tensile direction is determined via the atomic virial stress tensor by[62] 
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where V is the volume of the system, N is the total number of CG beads, mi, vi, ri, and fi refer to 

the mass, velocity, position, and force vector of the ith bead, respectively. 

           To quantify the molecular “free volume” and “stiffness” of the CNCs, Debye-Waller factor 

(DWF) ⟨u2⟩, a short-time fast dynamics property, is calculated. In our simulations, we calculate 

⟨u2⟩ from the mean-square displacement (MSD) ⟨r2(t)⟩ of the center of mass of CG beads, where 

⟨u2⟩ is defined as the average value of ⟨r2(t)⟩ within the certain range of 1 to 4 ns, corresponding 

to a caging time scale estimated from our simulations, 
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where rj(t) is the position of the center of mass of the jth bead at time t and ⟨…⟩ denotes the ensemble 

average of all of beads. 

           The void analysis of the thin films is performed to calculate the pore size distribution (PSD) 

and maximum pore size using the Zeo++[63,64] open-source package, which is based on the 

Voronoi cell decomposition to identify probe-accessible domains of void space in a porous material. 

PSD calculations are performed using a probe of radius set to 1.2 Å. 

           To evaluate the collective alignment of the in-plane CNCs, orientation order parameter (S) 

is calculated from the following equation 

𝑆 = 〈
3
2 cos

)𝜙 −
1
2
〉 (4) 

where 𝜙 is the angle formed by the bond vector connecting two consecutive CG beads relative to 

the deformation direction, the bracket denotes the ensemble average over all CG bond vectors. 

Under this definition, the value of S is bounded between -0.5 and 1. S = 1 and -0.5 indicate perfect 

alignment of all entities along and perpendicular to the stretching direction, respectively. This 

definition yields S = 0.25 for a random orientation distribution in two-dimensional thin film 

configuration. To explore the local orientation distribution, we further generalize Eq. (4) for 

evaluation of local order parameter base on each individual bond vector in the thin film system. 

 

RESULTS AND DISCUSSION 

Mechanical properties of CNC network. We begin by characterizing how mechanical response 

depends on the packing density 𝜌 for CNC thin films. Experimentally, it is commonly observed 

that neat CNC films with ρ ∼ 0.2–0.9 g/cm3 have typically been produced by solution casting 

techniques.[65] In the present work, we systematically vary ρ from 0.2 to 0.8 g/cm3 to generate 



CNCs model with different packing density by adjusting the amount of CNCs packed into the 

simulation cell, correspondingly. It can be seen from Fig. 1a that CNC thin film model possesses 

a web-like structure consisting of a random network of CNCs. We next compare the mechanical 

response of different packing density film systems to uniaxial tensile loading. Fig. 1b shows the 

representative simulation snapshots of the tensile deformation at a strain of 0, 0.2, and 0.4 in x-

direction for 𝜌 = 0.4 g/cm3. It can be observed that as the strain increases, the CNCs become more 

aligned toward the tensile direction with increased porosity, which will be discussed in detail later. 

Fig. 2a shows the typical stress vs. strain outputs of the CNC network with varying 𝜌. The overall 

stress-strain response of CNC thin film is qualitatively similar to previous computational studies 

on CNC-based materials,[40,53,66] where the elastic, yield, and plastic regions can be discerned 

with the strain increasing. For better comparison, the stress-strain curve of higher density is shifted 

upwards to the origin. The Young’s modulus E is calculated by linearly fitting the stress-strain 

data up to 1% of strain as plotted via dashed lines. The film system with a larger value of 𝜌, which 

consists of more CNCs to undertake the load, thereby exhibits a greater E and tensile strength. It 

can also be clearly observed that the fluctuation amplitude of stress in the plastic regime becomes 

larger as 𝜌 increases, resulting from the enhanced interfacial friction between CNCs in closer 

contact.[53] Previous experimental and computational investigations have also consistently 

suggested that both the modulus and tensile strength show an increasing trend with density of 

nanocellulose-based materials with porous structure.[53,70,71] 

It should be noted that negative normal stress (NNS) is observed at higher packing density 

(𝜌 = 0.8 g/cm3), where the negative sign indicates that the network is subjected to the compressive 

prestress. This can be attributed to non-equilibrium state of the network arising from the large 

bending stiffness of the rod-like CNC and high packing density [67,68]. Moreover, we currently 



explore the film systems with uniform CNC length; however, there could be variation in CNC 

length distribution in the experimentally synthesized films [69]. Introducing variation in CNC or 

CNF length distribution could likely affect the packing density and porosity of the films and thus 

reduce the NNS, especially at a larger density, which deserves to be explored in the future work. 

           Fig. 2b shows a scaling relationship between E and 𝜌 of thin film systems normalized by 

the property values of individual pristine CNC (i.e., Es = 134 GPa and 𝜌+  = 1.63 g/cm3), 

respectively. Such relation can be well described by the empirical Gibson and Ashby (GA) model 

[72] for porous or foam-like systems, 
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where C and n are fitting constants associated with the polymeric geometry and deformation mode 

of the struts making up the foam, respectively [73]. In particular, n is characterized by values in 

the range of 1 to 4 based upon the specific microstructures of cellular materials [72]. Here, we 

estimate n to be about 1.42 for CNC thin film system, which is lower than the reported n = 2.73 

for 3D graphene assembly and n = 2 for conventional polymeric open-cell foams,[74] suggesting 

that the in-plane microstructures of CNC film system are somehow different from those of 

conventional polymeric foams. Furthermore, larger n value (i.e., n ≈ 2) has been reported in recent 

work for bulk CNC network system (i.e., no free surface or interface) under the shear 

deformation,[53] suggesting that n is likely dependent on the dimensionality of microstructures 

closely associated with the packing efficiency (i.e., 2D vs. 3D packing). Although the underlying 

mechanisms of the variation of exponent n remains to be further understood, quantifying such 

power-law scaling between the density 𝜌 and the mechanical property E is particularly useful as it 

provides a feasible route to predict the mechanical performance of the CNC thin film system. 

 



 
Figure 2. (a) Stress-strain responses for CNC thin film with various packing density (𝜌 = 0.2, 0.4, 

0.6, 0.8 g/cm3) under uniaxial tension. The dashed lines show the slope of the linear regime within 

1% strain, where the Young’s modulus E is determined. (b) The normalized Young’s modulus of 

CNC thin film as a function of its mass density, where Es = 134 GPa and 𝜌+  = 1.63 g/cm3 

correspond to the Young’s modulus and density of individual pristine CNC. The dashed line shows 

power-law scaling obtained in the study. 

 

Evaluation of molecular stiffness of CNC network. To facilitate a better understanding of the 

influence of packing density and deformation on the dynamics of CNC thin film, we next examine 

the Debye-Waller factor ⟨u2⟩, a fast-dynamics property which quantifies the local “free volume” 

and inversely related to the molecular “stiffness” of the material [75]. ⟨u2⟩ is a particularly 

interesting property as it can be experimentally accessible from both X-ray, neutron, and other 

scattering measurements [76]. In this present work, we examine the molecular stiffness by 

evaluating the 1/⟨u2⟩ for both the overall CNC film system as a whole as well as each CG segment 

separately. The inset in Fig. 3 shows the comparison of time-dependent ⟨r2(t)⟩	results for different 

density 𝜌, where ⟨u2⟩ can be obtained as the average value of ⟨r2(t)⟩	over the time period of 1 ~ 4 

ns. As 𝜌 increases, a significant decrease in ⟨r2(t)⟩	 is observed, indicating that increasing the 



packing density leads to a suppressed segmental mobility of CNC thin film. Moreover, an inverse 

relationship between the modulus of the materials and ⟨u2⟩ is often observed in the polymer glasses 

and other glass-forming liquids (e.g., metallic glasses) [75,77], indicating a strong correlation 

between dynamic vibrations of segments and elastic response of the materials. Fig. 3 shows the 

test of the correlation between the Young’s modulus E and 1/⟨u2⟩ for the CNC porous system. 

Consistent with former observations, we clearly observe that E obeys an apparent linear 

relationship with 1/⟨u2⟩ with varying 𝜌. The observed 1/⟨u2⟩	value seems to be a ‘transferable’ 

measure of local stiffness among various types of microstructures (i.e., condensed materials such 

as polymer glasses vs. porous network), making this an attractive quantity for bottom-up prediction 

of the mechanical properties of the network materials. 

 
Figure 3. The linear scaling relationship between Young’s modulus E and molecular stiffness 

1/⟨u2⟩	of the CNC thin film for different density 𝜌. (Inset) The MSD ⟨r2(t)⟩	of the center of mass 

of the CG beads vs. t for various 𝜌. The highlighted gray region marks the time range when ⟨u2⟩ is 

obtained from the ⟨r2(t)⟩ measurement. 

           We next seek to answer whether 1/⟨u2⟩	can be used to assess deformational response at a 

molecular level during the tensile process even beyond the elastic regime. To reliably estimate ⟨u2⟩	



during deformation, we further relax the CNC system at each certain strain for additional 4 ns to 

avoid far out of equilibrium condition. This ensures that the proper equilibration of the CNC 

system can be achieved before collecting the data for MSD ⟨r2(t)⟩	 calculation under the 

deformation conditions (see the stress relaxation in the deformation in Fig. S4 in Supporting 

Information). We consider five representative strains 𝜀 , i.e., 𝜀  = 0.01, corresponding to low 

deformation regime where the stress vs. strain curve is nearly linear, and 𝜀  from 0.1 to 0.4, 

corresponding to the strain hardening regimes considered in our work. Fig. 4a shows segmental 

⟨r2(t)⟩	 results for CNC film system at different strains during the tensile deformation for a 

representative initial 𝜌 of 0.4 g/cm3. Similar to what we observe for the various density (as shown 

in the inset of Fig. 3), we observe a noticeably increase in ⟨r2(t)⟩ as strain 𝜀 increases; this indicates 

that overall segments mobility is enhanced by subjecting the CNC film to a certain deformation. 

           Fig. 4b summarizes the molecular stiffness 1/⟨u2⟩	results as a function of tensile strain 𝜀 for 

different initial packing density 𝜌. It can be observed that the 1/⟨u2⟩	decreases with varying 𝜀 for 

all the given 𝜌 tested herein, where the data fall onto the linear scaling relationship for each 𝜌 as 

marked by the dashed lines. Such influence of 𝜀 on 1/⟨u2⟩, however, is more noticeable for CNC 

thin film with a higher initial 𝜌. We hypothesize that this trend is due to the fact that as the applied 

tensile 𝜀 gradually enhanced, the local free spaces between CNCs within the porous film system 

tend to be enlarged, resulting in an increased segmental mobility (i.e., lower molecular stiffness 

1/⟨u2⟩). To test this hypothesis, we further plot 1/⟨u2⟩	 vs. concurrent density 𝜌%  during the 

deformation as shown in Fig. 4c. Remarkably, all the data can be universally captured by a nearly 

linear relationship, demonstrating the direct coupling between molecular stiffness and density even 

during the deformation. 



 
Figure 4. (a) The representative MSD ⟨r2(t)⟩	of the CNCs model with initial 𝜌 of 0.4 g/cm3 for 

different strain during the tensile deformation. The highlighted gray region marks the time range 

when ⟨u2⟩ is obtained from the ⟨r2(t)⟩ measurement. (b) Molecular stiffness 1/⟨u2⟩ vs. strain for 

CNC film with different initial packing density 𝜌, where a linear relationship is observed. (c) 



Universal relationship between the molecular stiffness 1/⟨u2⟩ and concurrent density 𝜌% during the 

deformation for different initial packing density 𝜌. 

 

Dynamic heterogeneity of CNC network. To provide fundamental insights into the dynamics of 

CNCs under deformation, we evaluate the spatial distribution of local molecular stiffness 1/⟨u2⟩, 

which serves as a measure of the dynamic heterogeneity in disordered materials. In particular, 

dynamic heterogeneity has been considered as one of significant characteristic behaviors of glass-

forming materials such as polymers, where dynamic clusters of both mobile and immobile 

segments coexist and interpenetrate each other evolving in time.[77] Previous study based on 

small-angle X-ray scattering (SAXS) and solid state NMR spectroscopy experiments has also 

reported the evidence of changes in the nanoscale heterogeneity in molecular mobility and solid 

structure of cellulose influenced by solvent exchange [78]. 

           We thus examine the local molecular mobility (i.e., stiffness) in CNC thin film model to 

determine how altering packing density and tensile strain affects this aspect of spatial 

heterogeneity. The MSD ⟨r2(t)⟩ is then calculated for each individual segment (i.e., CG bead) 

within the CNC network, and thus enables us to associate the values of 1/⟨u2⟩	with the mobile and 

immobile segments for a given configuration. The row images in Fig. 5a and b show 2D color 

maps of the local stiffness 1/⟨u2⟩ distribution for typical configurations at 𝜌 of 0.2 and 0.4 g/cm3, 

respectively, where the CNC system is subjected to deformation in x-direction. Note that the blue 

domains correspond to the segments with a higher local mobility and lower stiffness, while the 

orange domains correspond to relatively stiff regions of segments with a lower mobility. The 

amplitude of the fluctuations of local stiffness 1/⟨u2⟩ is much larger for the higher packing density 

𝜌 (note the difference in scale on each colormap comparing Fig. 5a and b), indicating that the 



denser CNC film system becomes more heterogeneous in terms of the local stiffness. CNC network 

at higher 𝜌 possesses a rather uniform mass distribution (i.e., free voids are reduced), but such 

system is apparently highly non-uniform at a nanoscale with respect to local mobility and stiffness 

under deformation. This observation is also analogous to the dynamic behavior of antiplasticized 

polymer melts – the more efficiently packed antiplasticized polymers exhibit much broader 

molecular stiffness fluctuations, implying that they are more dynamical heterogeneous than the 

pure polymers [79]. Another evident feature in the local stiffness distribution is that, during the 

tensile deformation, the local mobility has been shown to be higher in the regions with larger strain, 

which can be attributed to the rearrangement and alignment of the CNCs accompanied by increased 

local free volume and thus the high porosity of the system. It appears that the segments having 

excessively low mobility (marked in orange) are found in the regions where particles are 

structurally clustered together, implying that immobile segments are associated with a dense local 

packing. In contrast, the relatively mobile particles have more interfacial space between CNCs in 

less dense domains, suggesting that this could translate into the influence by the degree of constrain 

over the neighboring particles surrounding the segments (the porosity analysis will be discussed 

in later sections). 

           Fig. 5c and d show the probability distributions of local molecular stiffness 1/⟨u2⟩ for all 

segments in our system at 𝜌 of 0.2 and 0.4 g/cm3, respectively, where we find that the distributions 

for three typical strains take a form of approximately Gaussian distribution. The difference in the 

distributions for varying strains is quite dramatic; as strain increases from 0.01 to 0.4, the 

distribution of 1/⟨u2⟩ becomes much more concentrated with a relatively narrow range and higher 

peak intensity, yielding more homogeneity of molecular stiffness within the CNC network. 

Furthermore, the average value of 1/⟨u2⟩ is smaller in the CNC system at large strain, and the range 



of 1/⟨u2⟩ fluctuation is also smaller, suggesting the level of dynamic heterogeneity tends to be 

largely reduced despite the increased porosity within CNC network during the deformation. 

 
 
Figure 5. Color maps of local molecular stiffness 1/⟨u2⟩ distribution of CNC thin film for different 

tensile strains at (a) 𝜌  = 0.2 g/cm3 and (b) 𝜌  = 0.4 g/cm3, respectively. The blue domains 

correspond to segments with a higher local mobility or lower local stiffness, while orange domains 

correspond to a lower local mobility or higher local stiffness. Note that the color scale is different 

in each panel. Probability distribution of 1/⟨u2⟩ for different tensile strains at (c) 𝜌 = 0.2 g/cm3 and 

(d) 𝜌 = 0.4 g/cm3, respectively. 

 
Porosity of the network. As discussed above, the observed dynamic heterogeneity during the 

deformation could be well correlated to the degree of geometrical constrains (i.e., the size and 

distribution of nanopores) within CNC porous network. Here, we examine how the porous 

structures of CNC network evolves during the uniaxial loading. From the consecutive snapshots 

shown in the Fig. 1b, it can be clearly observed that free voids become notably deformed and, with 

increasing tensile strain, they tend to coalesce into relatively larger pores. The pore size 

distribution (PSD) for stretched CNC networks with initial packing densities of 𝜌 = 0.2, 0.4, 0.8 



g/cm3 are presented in Fig. 6a. The distribution is narrow at high 𝜌 and it becomes broader as the 

average packing density decreases, indicating that less dense network structure exhibits 

substantially more pores and overall free volume (i.e., the volume accessible for the CNCs to 

occupy) of the films than the corresponding denser system. With further increasing strain for each 

given density, the peak of PSD curves become smaller and progressively shift toward large value 

of pore size, corresponding to the enlarged interconnectivity and free voids of CNC network during 

the extension. Furthermore, Fig. 6b summarizes the results of the largest pore diameter (LPD) as 

a function of strain for different 𝜌, where a linear growth of LPD with strain is observed for the 

network system with a given 𝜌. The formation of largest pore is evident at lower packing density 

and higher tensile strain, reminiscent of the elongated pore connectivity and coalescence of 

adjacent voids as shown in Fig. 5a and b. 

           The free volume and PSD are important characteristics of the porous network structure, 

particularly for membrane applications of gas permeability, which governs the gas barrier 

performance. Using the positron annihilation lifetime spectroscopy (PALS) approach, Nuruddin 

and coworkers measured the free volume of CNC films with different structural alignments of 

CNC, emphasizing that shear-aligned CNC films with reduced free volume size exhibit higher gas 

barrier performance [42]. Chowdhury et al. also showed that induction of anisotropy in the CNC 

films can effectively control the overall free volume of the system associated with the gas diffusion 

path, resulting in tunable barrier properties in packing applications [41]. On the other hand, the 

mechanical properties of cellulose films have a strong dependence upon the porosity of network 

structure. As found in previous experimental studies of cellulose nanopaper, density (as an inverse 

correlation of porosity) exhibits positive impact on both modulus and strength [71,80]. 



 
Figure 6. (a) Pore size distributions for CNC network with varying initial packing density 𝜌 at 

strain of 0.01 (solid curve), 0.2 (dashed curve), and 0.4 (dotted curve). (b) Largest pore size as a 

function of strain for various 𝜌, where a linear relationship is observed. 

 
Strain-induced alignment of CNCs. To further understand the strain-induced microstructural 

change at a nanoscale level, the orientation of CNCs is evaluated by calculating the average order 

parameter S of the network using Eq. (4). By definition, the relatively large S reflects alignment 

tendency along the stretching direction, while small S reflects alignment perpendicular to the 

stretching direction. Fig. 7a summarizes the order parameter S as a function of strain under four 

packing densities 𝜌 from 0.2 to 0.8 g/cm3. It is observed that the alignment of CNCs increases with 

strain in a similar fashion for all packing densities considered. S at 0 strain is nearly 0.25 for all 

densities, indicating randomly orientated CNCs prior to deformation. As the tensile strain increases, 

the CNCs tend to align in the deformation axis and exhibit a higher order parameter. Another 

observation is that the S value at each strain is nearly independent of packing density, despite the 

fact that the network with lower 𝜌 has a higher degree of free volume and thus there is less 

restriction for CNC self-orientation during deformation. 



           Next, probability distribution of local order parameter is evaluated to track the detailed 

CNCs alignment changes upon deformation, where 1 and -0.5 correspond to CNC orientation 

along and perpendicular to the strain direction, respectively (Fig. 7b). Consistently, we find a 

transition from isotropy to tendency-toward-anisotropy upon stretching; the population of local S 

seen in the intermediate levels of parallel alignment (0.25 ~ 1) increases, while those shown in the 

intermediate levels of transverse dimension (-0.5 ~ 0.25) decreases with strain. Notably, a bimodal-

like distribution is observed at higher strain, where the primary peak gradually increases and shifts 

to the right, while the secondary peak slightly shifts toward small S. This observation indicates 

CNCs tend to deform and align along the stretching axis, therefore subsequently of higher average 

orientation, giving rise to greater anisotropy. Such phenomenon has also been experimentally 

observed [81] and proposed by the recent MD study [82] on the polymers with a higher chain 

rigidity, where amorphous polymer chains were largely extended and oriented towards the parallel-

to-strain direction by increasing the tensile strain. Moreover, strong correlation between alignment 

and mechanical properties of nanocellulose-based film system has also been proposed in both 

experiments and simulations [83–89], showing that aligned nanocrystals can largely enhance the 

modulus and strength in the alignment direction. 

           Fig. 7c and d show the spatial variation of the local order parameter S for typical 

configurations of CNC thin film system, providing the relative intensity level for local S changes 

upon the application of external tensile deformation. Evidently, the phenomenon that CNCs tend 

to be aligned parallel/perpendicular to the stretching direction is more pronounced at a larger strain, 

as marked by more red and blue-color domains. In addition, no direct correlation is observed 

between with the local S and local stiffness 1/⟨u2⟩	(Fig. S5, Supporting Information), suggesting 



that the particle mobility is more associated with the degree of local packing and density compared 

to the CNC orientation. 

 

 

Figure 7. (a) Averaged order parameter S of CNCs within the films versus strain at various packing 

densities 𝜌. (b) Typical probability distribution of local order parameter S of CNC network with 

varying strains for 𝜌 = 0.2 g/cm3. Spatial variation of local order parameter S of CNC network 

with varying strain for (c) packing density 𝜌 = 0.2 g/cm3 and (d) 𝜌 = 0.4 g/cm3, respectively. The 

color map scale is the same for all images (color online). 

 



CONCLUSION 

In summary, we have systematically investigated the microstructure and dynamics in the 

deformational behaviors of nanocellulose thin film composed of disoriented CNCs by employing 

the atomistically informed CG-MD simulations. Specifically, our simulation results show that the 

Young’s modulus vs. packing density can be quantitatively predicted by the power-law scaling 

relationship for the CNC films, which is found to be fundamentally related to the mobility and 

molecular stiffness of CNCs within the film as quantified by inversed Debye-Waller factor 1/⟨u2⟩. 

Analyses of distribution of local 1/⟨u2⟩ further reveal that CNC thin films with higher density 

exhibits a higher degree of dynamic heterogeneity, despite a more homogeneous mass distribution; 

however, such dynamic heterogeneity tends to be suppressed during the tensile process beyond the 

elastic regime. During the deformation, the randomly oriented CNCs tend to be more aligned 

towards the stretching direction, accompanied with increased free volume and porosity; the 

dynamics and molecular stiffness, however, is found to be more associated with the degree of local 

packing and density allowed for particle motion instead of the CNC orientation. Our work provides 

valuable insights into the dynamics and microstructural features of CNC films under deformation 

at a fundamental level, aiding in the tailored design of structural performance of cellulose-based 

materials. 
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Figure S1. The representative stress relaxation of the CNCs film for different strain during the 
tensile deformation. Networks have an initial packing density of 0.4 g/cm3 in panel (a) and a 
density of 0.6 g/cm3 in panel (b). Regime I refer to the tensile process. To reliably estimate ⟨u2⟩ 
during deformation, the CNC system is further relaxed at each certain strain for additional 4 ns to 
avoid far out of equilibrium condition shown in the regime II, where the stress decay and 
convergence is achieved. Subsequently, the data for MSD ⟨r2(t)⟩ calculation is collected at regime 
III under the deformation conditions. 
 
 
 

 

Figure S2. Local stiffness 1/⟨u2⟩	vs. local order parameter S of CNCs film with initial density of 
0.4 g/cm3 for different strain during the tensile deformation. This analysis verifies that there is no 
direct correlation between local 1/⟨u2⟩ and local S within CNCs film system. 


