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ABSTRACT: Biopolymer network dynamics play a significant role
in both biological and materials science. This study focuses on the
dynamics of cellulose nanofibers as a model system given their
relevance to biology and nanotechnology applications. Using large-
scale coarse-grained simulations with a lattice Boltzmann fluid
coupling, we investigated the reptation behavior of individual
nanofibers within entangled networks. Our analysis yields essential
insights, proposing a scaling law for rotational diffusion, quantifying
effective tube diameter, and revealing release mechanisms during
reptation, spanning from rigid to semiflexible nanofibers. Addition-
ally, we examine the onset of entanglement in relation to the
nanofiber flexibility within the network. Microrheology analysis is
conducted to assess macroscopic viscoelastic behavior. Importantly,
our results align closely with previous experiments, validating the proposed scaling laws, effective tube diameters, and onset of
entanglement. The findings provide an improved fundamental understanding of biopolymer network dynamics and guide the design
of processes for advanced biobased materials.

■ INTRODUCTION
Biopolymer networks, both in natural and synthetic forms, play
a critical role in numerous scientific and technological
advancements.1 These networks serve as the architectural
elements in various vital systems, providing structural integrity
and functional properties.2 Examples include the cytoskeletal
components of eukaryote cells, such as actin filaments and
microtubules, as well as collagen nanofibrils in connective
tissues, chitin nanofibrils in arthropod exoskeletons, fibroin
nanofibrils in silk, and cellulose nanofibers (CNFs) in plant cell
walls.3−6 The exceptional properties exhibited by biopolymer
networks have sparked considerable interest in utilizing them
as the basis for developing advanced, sustainable materials. In
recent years, cellulose nanofibers have emerged as a prominent
class of biopolymers, attracting significant attention due to
their unique properties. CNFs, categorized as semiflexible
biopolymers, exhibit remarkable characteristics, such as low
density, high strength, high stiffness, and chemically adjustable
surfaces.7,8 These attributes make CNFs highly promising as
nanoscale building blocks for creating high-performance
materials with potential applications in diverse fields.9−13

The dynamics of semiflexible nanofibers within entangled
media is important for developing advanced biobased
materials. Understanding these dynamics expands our knowl-
edge of fundamental cellular processes like cell division, cell
motility, and intracellular transport and paves the way for the
design and optimization of nanotechnologies, including
nanorobots and nanosensors.14 In condensed matter physics,

the reptation model, initially proposed by De Gennes15,16 and
later extended by Edwards17 and Doi,18,19 serves as a
theoretical framework for comprehending the dynamics of
highly concentrated (entangled) dispersions of polymers. This
model describes the motion of a polymer chain within an
imaginary tube defined by the transient network of entangled
neighboring chains. The chain moves in a snake-like manner
inside the tube, constrained by the surrounding matrix. The
reptation model successfully captures the behavior of
entangled polymer chains, with long time scales exhibiting
liquid-like viscosity and short time scales resembling rubber-
like behavior. The idea of a chain moving within a tube,
hindered from lateral deformations due to topological
restrictions, has been experimentally validated and has
significantly contributed to our understanding of entangled
polymer solutions.20,21 While experimental techniques, such as
neutron and light scattering22−25 and fluorescence autocorre-
lation spectroscopy,26,27 have been employed to probe the
dynamics of entangled polymers in bulk, obtaining detailed
information about the temporal and spatial dynamics of
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individual polymer chains, as well as the role of heterogeneity
and molecular individualism, remains a significant challenge.

However, observing polymer motion in entangled environ-
ments, including the small-scale fluctuations that occur on the
order of milliseconds and involve several monomer units,
remains a challenging task. To address these challenges,
numerical simulations have emerged as powerful tools for
studying the dynamics of entangled polymer chains in crowded
environments. Simulations offer a unique opportunity to
investigate the behavior of individual nanofibers, unravel
constraint release mechanisms, and explore their influence on
larger-scale properties. By delving into the intricacies of
reptation behavior and employing advanced simulation
methods, researchers can gain deeper insights into the behavior
of individual polymer chains, providing a more comprehensive
understanding of biopolymer dynamics and paving the way for
the design and optimization of high-performance materials.

Building upon these scientific foundations, the present work
focuses on employing simulations and comparative analysis to
enhance our understanding of the reptation behavior of
cellulose nanofibers (CNFs) and the related implications for
the processing of advanced materials. The simulation-based
approach allows for a detailed examination of individual CNFs
within entangled media, shedding light on the constraints they
experience and the mechanisms governing their motion.
Furthermore, the comparative analysis with experimental
data, including previously published results in microrheology,
serves to validate the simulation findings and establish their
significance in the field. By elucidating the intricacies of CNF
dynamics in entangled environments, this work contributes to
the current understanding of biopolymer networks and offers
valuable insights for the design and development of advanced
biobased materials.

■ RESULTS AND DISCUSSION
Per definition, the persistence length quantifies the bending
stiffness of a polymer by relating it to the thermal (Brownian)
forcing, i.e., Lp = κ/kBT, where κ is the bending stiffness, kB is
the Boltzmann constant, and T is the absolute temperature.
Thus, a low persistence length indicates worm-like dynamics
and a high persistence length indicates rod-like behavior.

The conventional polymer reptation model assumes that the
time scale for a chain moving through a tube is shorter than the
time scale for reconformation of the tube, neglecting the effects
of entanglement caused by the particle shape and stiffness. It
was proposed by Odijk28 that even slight flexibility increases
the rotational diffusion of fibers, 1/Dr ∝ L2Lp, which
contradicts Doi’s argument19 that rotational diffusion is
independent of fiber stiffness, 1/Dr ∝ L7/ξp

4, where ξp is the
mean distance between the fibers. Odijk’s prediction
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investigation into the Brownian motion of carbon nanotubes
in a porous static agarose gel network29 with controlled
confinement. However, given the results presented in this
work, there are two conceptual perspectives to consider. First,
in a realistic system of entangled semiflexible to rigid fibers, all
fibers experience confinement while undergoing thermal
motion in a dynamic matrix instead of a static one, where
rotation is a significant component. Second, a priori under-
standing of the agarose concentration at which confinement
becomes significant is missing. Although Kremer verified the
reptation motion in entangled systems using simulations,30

Skolnick and Fixman contended that reptation is not the
predominant mechanism in such systems.31,32

The main goal of our computational experiments is to
quantify the effects of entanglement and link the dynamics of

Figure 1. Dynamics of fibers as a function of stiffness. (A) Projected length fluctuations δR2, orthogonal mean squared displacement of the centered
monomer of fibers g⊥, and mean squared angular displacement of the normalized end-to-end vector MSAD for three Lp/L at a fixed mesh size. The
solid magenta lines show the t3/4 behavior of g⊥ and δR2 in the initial stage of the simulations, the dotted line represents the saturated stage of δR2,
and the dash-dotted line shows the linear diffusive stage of the system. (B) Projection of the 3D motion of a nanofiber onto the x−z plane. (C)
Comparison of MSAD of entangled and dilute cases. The color bar in (B, C) corresponds to time within the temporal framework.
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semiflexible to rigid polymers/fibers to the macroscopic
rheological behavior of biopolymer-based materials. This has
been performed using coarse-grained molecular dynamics
(MD) simulations based on the ESPResSo software package,33

which allows the coupling to hydrodynamic interactions using
the lattice Boltzmann method (LBM). The simulated nano-
fibers were constructed using a bead−spring model, in which
repulsion is the only interaction between the fibers. Each
simulated case represents a dispersion of fibers having a length
L, width b, and persistence length Lp. At a given number of
fibers per unit volume, ν, the mean distance between the fibers
can be estimated by the geometrical mesh size L3/( )p = .
The details of the modeling can be found in the Methods
Section. Values for fiber Young’s modulus (between 4.5 and
18.4 GPa) and fiber dimensions were selected based on
previously reported values for high-charge TEMPO-oxidized
CNF.34 More details on simulations and the parameters are
provided in Supporting Information (SI), S1−S3.

We have chosen to work with three key nondimensional
observables to characterize the nanofiber dynamics and system
relaxation:

• The mean-squared displacement of the end-to-end
distance (projected length), δR2 (t), provides insights
into the bending dynamics of individual fibers in the
network.

• The rotational diffusion is characterized using the mean-
squared angular displacement of the normalized end-to-
end vector, MSAD.

• The normal mean-squared displacement of the mid-
points of the fibers, g⊥ (t), provides an understanding of
the effect of confinement.

The additional details of the observables are provided in
Supporting Information (SI), S4.

In Figure 1A, we can see the evolution of these parameters
for three distinct cases. In a dilute dispersion, where the
nanofibers diffuse freely, the projected length fluctuations
typically increase with time as t3/4, until reaching a plateau
value L4/45Lp at nanofiber equilibration time τeq. More
crowded systems exhibit similar behavior but with a transi-
tional regime before the plateau caused by confinement

induced by surrounding fibers, correlating to the onset of
entanglement, and are thus referred to as the entanglement
time τe. At the end of the transitional regime, when the
bending dynamics of the nanofibers δR2 have equilibrated,
confinement is no longer sensed and the system has reached
the equilibrium time. This time scale appears to be more
sensitive to the concentration of the system than to the
bending stiffness, where it is shown that the time required for
internal relaxation grows as the crowdedness of the system
increases, i.e., smaller ξp/L (see Figure S3). The results show
that τeq is significantly shorter than it takes for a nanofiber to
diffuse its entire length or erase its history τd. This contradicts
the fundamental assumption of reptation theory, which
suggests that a polymer fully traverses its length within the
tube before significant reconformation of the tube.

Furthermore, this provides insights regarding τd, which is the
longest relaxation time of the system and proportional to the
inverse of rotational diffusion. If we consider u(t) as the unit
vector of the end-to-end distance of a nanofiber, we can write
the unit vector correlation function as

u t u t D t( ) ( ) cos exp( 2 )r+ ·

where θ is the angular displacement and 2Dr is proportional to
decay time, which is 1/τr. Thus, we can write MSAD as

u t u t D t( ( ) ( )) 2(1 exp( 2 ))2
r+ =

At short times, when both Drt and θ are small, we can consider
cos θ ∼ 1 − θ2/2, resulting in MSAD ∼ 4Drt. At longer times, t
→ ∞, the initial and final direction of the unit vector will be
uncorrelated, ⟨u(t + τ)·u(t)⟩ = 0, and MSAD will consequently
saturate to 2, as can be seen in Figure 1A. The same MSAD
behavior can be observed regarding the diffusion of free fibers
in a dilute dispersion (Figure 1B). As expected, confinement in
the crowded systems introduces a separation between the
short- and long-term behavior of MSAD. In the long-term,
both MSAD and trajectory analysis indicate that fibers rotate
like rigid rods (Figure 1C). Therefore, we can estimate Dr by
fitting the long-term MSAD data to 2(1 − exp(−2Drt)), as
predicted for rigid rods.18

By studying g⊥, it is possible to estimate the direct effects of
confinement, and similar to δR2, as shown by the solid magenta

Figure 2. Effective tube diameter analysis. (A) The correlation between the predicted effective tube diameter d, ξp, and Lp of the system as d ≈
ξp
1.2Lp

−0.2. (B) Comparison between our simulation results to the results from Hoy and Kröger.38
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line in Figure 1A, it increases as t3/4 initially,35 followed by a
transition that seems to be related to the entanglement time,
i.e., when the bending fluctuations of the fibers encounter
confinement from their surroundings. The transition between
these two states serves as a reference point for estimating the
hypothetical tube diameter d (see Figure S4 in the SI). As
shown in Figure 2A, our results indicate a relation between the
tube diameter and the mesh size of the system as d ≈ ξp

1.2Lp
−0.2,

which is consistent with Rubinstein and Colby’s works,36,37

indicating that the tube diameter is always larger than the mesh
size. In addition, the conflicting proposals for the scaling of
polymer melts39−42 have recently been addressed by Hoy and
Kröger38 by formulating an analytical expression for the
reduced tube diameter, valid across the entire range of polymer
stiffnesses. The evaluation of these parameters is based on a
topological analysis of chain trajectories using the Z1

algorithm.43 To compare our results with theirs, we have
estimated the Kuhn length, lk, and packing length, p, taking
into account the flexibility of the chains and the number
density of the networks, see Figure 2B. We observe similar
trends to Hoy and Kröger for the tube diameter, but some
discrepancies may arise from differences in the methods used
to estimate these quantities.

After escaping initial confinement, g⊥ indicates a super-
diffusive behavior of the nanofibers, presumably traveling a
complex route, i.e., a combined translational and rotational
motion.44,45 Finally, g⊥ shows linear diffusion behavior upon
reaching the longest relaxation time, τr.

To facilitate comparison, we present Dr in Figure 3A in the
same manner as in Fakhri et al.29 The vertical axis represents
the ratio of Dr to Odijk’s model prediction, Dr ∝ L−2Lp

−1, while
the horizontal axis is given by

Figure 3. Diffusivity of nanofibers. (A) Normalized rotational diffusivity of nanofibers in a dynamic system with various Lp/L and ξp/L values
versus the length normalized with the deflection length. The dashed gray line represents Odijk’s prediction, and the green line represents Doi’s
prediction. The gray shading represents Fakhri’s experimental results.29 (B) The gradual decrease in the concentration of nanofiber dispersion for
Lp/L = 3.2, illustrating the transition from a robust tubing effect to one that is weak or not observable in g⊥/L2.

Figure 4. Time-dependent behavior of a single nanofiber in the entangled system of Lp/L = 7.2 and ξp/L = 0.098. The color map shows relative
timing, and black arrows represent instantaneous motion of the nanofibers. (A) The first stage of the motion. (B) The nanofiber reptates along its
length in the tube. (C) At this moment, the tube size and shape are distinguishable. (D) The nanofiber is liberated from the tube, and the
constraint is released. (E) After being liberated, the nanofiber explores further and shows a turning move, coupling translation, and rotation. (F)
The nanofiber continues to diffuse freely in space until it is trapped in a new tube.
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L L L L/ ( / )( / )p p
23=

which is the length normalized by the deflection length of the
thermal undulation of the fibers. In principle, is proportional
to the inverse of the stiffness of the nanofibers. Given the
obtained curves, we identify various ranges for . For 1< ,
it is evident that Dr agrees with Doi’s prediction Dr ∝ ξp

4L−7,
suggesting that fibers act like rigid rods and that flexibility does
not influence rotational diffusion. Within this limit, the largest
possible orthogonal fluctuations of bending modes, L3/Lp, are
smaller than ξ2, and Doi and Edwards’ mechanism of
reptation−rotation predicts the motion of the fibers. However,
for 2.3> , flexibility does have a significant impact, where Dr
∝ ξp

4/3Lp
−1/3L−4, indicating that terminal relaxation occurs faster

than Doi’s prediction but slower than Odijk’s prediction. The
shaded region in Figure 3A represents simulations by Lang &
Frey,46 consistent with the latter. As a comparison to the
results for dynamic systems, our calculated cases for fibers
moving in static systems can be observed to lie within the gray-
shaded area, thus conforming to Odijk’s prediction and earlier
published results.

In Figure 3B, we present the orthogonal fluctuation of fibers
for various cases of ξp/L with Lp/L = 3.2. A closer look at the
case of ξp/L = 0.071 (SS), i.e., in a static system, reveals that g⊥
is relatively stable for a while, indicating that the fiber is
confined inside the static tube until it exits, rotates, and enters
a new tube, confirming the classic reptation theory and other
simulations with static systems.47,48 For the similar case g in a
dynamic system, ξp/L = 0.071 (DS), there are similarities
observed compared to the static case. Initially, g⊥ remains
constant, followed by an earlier increase. This suggests that in a
real dynamic system, the semiflexible polymers undergo
thermal motion (rotation and translation) that compromises
the existence of a tube as defined in the conventional reptation
theory, i.e., it is possible for a tube to reconform entirely before
the trapped polymer reptates its length.

To further investigate the mechanisms involved, the
dynamics of individual nanofibers was analyzed across a wide
range of time scales to evaluate the constraint release
mechanism. In Movie S2, this is exemplified by showing the
dynamics of a single nanofiber for the case of Lp/L = 7.2 and
ξp/L = 0.098 (an extra example is shown in Movie S3 for
shorter nanofibers). The nanofiber dynamics is considered in
multiple stages in Figure 4. The nanofiber is presented in an
entangled environment in the first scene (A). As time passes, it
becomes evident that the nanofiber reptates along the tube’s
length while remaining confined inside the tube (B). The
nanofiber will continue to reptate in the next step (C), and at
this point, the form (red dashed line) and diameter of the tube
will be distinguishable. The fourth phase (D) is the point in
time when the reconformation of the tube is significant,
resulting in the release of the constraint. At this stage, the
nanofiber breaks out from the original tube, as shown by the
black arrow, and immediately moves to another region. In the
subsequent stage (E), the nanofiber will continue to move
freely while undergoing a turning motion. This motion highly
couples the nanofiber’s translation with its rotation. This
phenomenon can explain the superdiffusive behavior of g⊥ in
the plots for entangled systems. The nanofiber continues its
motion until it is confined in a new tube (F).

Several constraint release mechanisms, such as tube length
fluctuations,49,50 tube enlargement,51,52 and convective con-
straint release,20,53,54 have been proposed in the literature, but

an understanding of the mechanism requires incorporating
Marshal Fixman’s notion of kinetic cages55,56 and Bitsanis57,58

proposed models. Fixman’s theory proposes that the entropic
cage surrounding a polymer is not static but instead undergoes
fluctuations due to the thermal motions of the surrounding
polymers. These fluctuations can lead to torque fluctuations,
which can break the cage and increase the reorientation
dynamics of the polymer. In essence, Fixman’s theory suggests
that polymer motion in crowded environments is governed by
the interplay between entropic confinement and thermal
fluctuations and that these dynamics can be understood by
considering the geometry and fluctuations of the entropic cage
surrounding the polymer. The Bitsanis model suggests that
many-body effects contribute to the static properties much less
than direct pair interactions; therefore, the local structure is
mostly determined by independent binary interactions. The
model suggests that the fluctuating entropic cage can create
regions of high and low friction that affect the reptation
dynamics of the polymer.

To gain a deeper understanding of the constraint release
mechanism, we conducted two sets of simulations involving
polymers with infinite persistent lengths (rigid rods). In the
first set, a test rod is introduced into a static network of
anisotropic rods, while in the second set, all of the rods in the
network are allowed to move (Supporting, Movies S6 and S7,
respectively). In the first case, the entropic cage surrounding
the rigid rod polymer remained stable and static throughout
the simulation. However, in the second case, the surrounding
rod polymers were moving and continually bumping into the
test rod, leading to fluctuations in the entropic cage
surrounding the polymer. This is consistent with the Bitsanis
model, which considers the dynamic nature of the entropic
cage surrounding the polymer. The torque fluctuations
observed in the dynamic case are a key mechanism underlying
the dynamics of the entropic cage surrounding the polymer. As
the surrounding polymers bump into the test rod, they create
torques that can break the entropic cage, leading to faster
reorientation dynamics of the polymer. Additionally, the
second virial coefficient, which describes the strength of the
excluded volume interactions between polymer chains, can
play an important role in the dynamics of the entropic cage
and the overall reptation motion of the polymer.

In the dynamic case, the second virial coefficient may
influence the density and arrangement of the surrounding
polymers, which, in turn, can affect the entropic cage
surrounding the polymer and the dynamics of the reptation
motion. In the literature, a gap exists in the current
understanding of the constraint release mechanism, particularly
regarding the consideration of semiflexibility. Previous
investigations have largely overlooked the impact of semi-
flexible nanofibers, resulting in a limited understanding of the
dynamics involved. This oversight is noteworthy because the
semiflexibility of nanofibers dampens the effects of tube length
fluctuations and tube enlargement. Our simulations, however,
reveal a distinct behavior, where the constraint release
mechanism exhibits a closer resemblance to the convective
constraint release mechanism. In essence, the interplay
between semiflexibility and the intricate dynamics of constraint
release challenges conventional assumptions. The validity of
the tube assumption is thus coupled to a clear separation of
time scales between the particle concerned and its surround-
ings. As discussed by Lang & Frey,46 the conditions for which
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the tube assumption is valid have largely been ignored and are
thus still up for discussion.

The analysis of Figure 3B provides insights into the onset
condition of entanglement, focusing on the ratio of the
polymer persistence length (stiffness) to the contour length.
Notably, the concentration is carefully regulated until the
tubing effect becomes discernible. To explore this phenomen-
on comprehensively, extensive investigations were conducted
across a wide range of Lp/L values. The outcomes are
presented in Figure 5, which depicts the relationship between

the onset condition of tubing and fiber stiffness. Intriguingly,
the graph demonstrates that more flexible fibers exhibit tubing
effects at lower network concentrations. This observation can
be attributed to the larger orthogonal fluctuations exhibited by

flexible fibers, leading to narrower, instantaneous pathways for
adjacent fibers. Consequently, confinements with lower
concentrations are formed. To enhance the clarity and
comprehensibility of the analysis, the results are presented
on a secondary axis in red color. Specifically, the concentration
values are expressed in weight percentage (wt %), while
Young’s modulus of the fibers in the network is represented in
GPa. Supporting, Movies S4 and S5 illustrate this phenomenon
by showcasing the dynamics of two nanofiber networks with
identical concentrations but differing in the flexibility of their
constituent nanofibers. These movies serve as valuable visual
tools, enabling a deeper understanding of how fiber flexibility
influences the formation of confinements and the overall
behavior of the system.

Up to this point, we have addressed the general mechanisms
related to nanofiber dynamics and collective effects, including
the development of novel scaling laws for rotational diffusion,
estimation of the effective tube size, and identification of the
onset of entanglements. However, these findings directly
correlate with the observed behavior in the networked systems
and have a direct impact on the processing of dispersion of
high aspect ratio CNF into high-performance material
concepts, where the balance between the susceptibility to
induced fiber alignment (by e.g., flow or electrical fields) and
the entanglement needed to maintain structural integrity
during processing and assembly.9

By quantification of the viscoelastic properties, we can gain
insights and effectively compare our results with previous
experiments, thus enhancing the overall applicability of our
findings. This was accomplished by applying the methodology
for passive microrheology, where the sample’s rheological
characteristics are estimated by introducing spherical par-
ticles59 (see SI, S1).

The results can be found in Figure 6A, where at low
frequencies, ω < 3 × 102 rad/s, G′ (ω) follows a ∼ ω2 scaling,
which is expected in the terminal zone of the storage modulus
of a viscoelastic fluid. In the terminal zone, all of the
mechanical stress stored in the viscoelastic fluid has relaxed.
The terminal zone is also observed in Figure 6B in G″ (ω),
where the scaling is ∼ω, which is a characteristic of the loss

Figure 5. Relationship between the onset condition of tubing and
fiber stiffness. The more flexible fibers exhibit tubing effects at lower
network concentrations compared to those of more rigid fibers.

Figure 6. Microrheology of the dispersion and comparison to experiments. (A) Storage modulus, G′, and (B) loss modulus, G″, measured with
passive microrheology of CNF dispersion with Lp/L = 7.2 for different mesh sizes, ξp/L. (C) Zero shear viscosity of a cellulose dispersion with
different mesh sizes estimated using the concept of passive microrheology. Colored markers represent estimates extracted from published
experimental data.63
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modulus of viscoelastic materials. This reflects the purely
viscous response expected in the terminal zone. Both G′ and
G″ exhibit an ∼ω2/3 region at intermediate frequencies 3 × 102

≲ ω ≲ 104 rad/s, where the 2/3 scaling exponent has been
observed for networks of actin filaments and is also typical of
Zimm chains that interact hydrodynamically.60 At higher
frequencies, ω ≳ 104 rad/s, G′ appears to exhibit a transition
toward a high-frequency plateau, which is more pronounced
for networks with smaller mesh sizes. Also, at these
frequencies, G″ ∼ ω, which indicates that for the networks
with larger mesh sizes, the purely viscous response of the
solvent dominates at high frequencies. For the dispersions with
smaller mesh sizes, this scaling is only observed at ω ≳ 105

rad/s, indicating that for the more concentrated networks, the
viscoelastic response becomes dominated by the solvent at
frequencies. It is also important to note that for large mesh
sizes, ξp/L ≳ 0.24, G′ is larger than G″ in the whole frequency
range studied.

At around ξp/L = 0.24, a crossover between G′ and G″ is
observed. For smaller mesh sizes, G′ becomes larger than G″ at
higher frequencies, ω ≳ 7 × 103 rad/s. Thus, as a rule, an
engineering rule of thumb for defining a transition threshold
from flowing to nonflowing behavior of high-charge CNF
systems, the mesh size ξp/L ≈ 0.24 may be used, which
corresponds to a concentration of 0.06 wt %, which is in
agreement with published experimental results.61,62 The
nonflowing state at a lower mesh size is sometimes referred
to as a volume-spanning arrested state, VAS.63

Figure 6C shows the zero shear viscosity of the cellulose
dispersion with different mesh sizes, where the viscosity
increases with a decreasing mesh size. We have compared our
numerical findings with experimental results,63 although
determining zero shear viscosity using experimental techniques
is challenging. As can be seen, some agreement can be seen
when some assumptions are considered (SI, S5). At ξp/L ≈
0.24, there is a clear transition with respect to how the zero
shear viscosity depends on the mesh size
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Note that the mesh size at which this change in the behavior of
the viscosity occurs is the same mesh size at which the
crossover between G′ and G″starts to appear.

■ CONCLUSIONS
While the significance of understanding cellulose nanofiber
(CNF) networks has been widely recognized for developing
processing protocols in high-performance applications,10,11 it is
worth noting that the knowledge gained from these studies
extends beyond CNFs. The principles and insights gained here
can be applied to other engineering and biological systems
involving semiflexible nanofibers, such as carbon nanotubes,
metallic nanowires, or protein fibrils. Building upon this
understanding, our study proposes a novel scaling law that
describes the rotational diffusion of semiflexible nanofibers in
entangled systems, highlighting the interplay between their
rotational and translational motions. Additionally, we have
evaluated the microrheology using our numerical experiments
to complement our findings, demonstrating how simulations
can serve as a powerful tool for coupling nanoscale dynamics
to macroscopic and engineering properties. Expanding on this

knowledge, future investigations could explore the dynamics,
trapping, and hopping behavior of active and passive tracers
within entangled biopolymer networks. This avenue of
research has significant implications, particularly in areas
such as the assembly of general nanofiber systems as well as,
e.g., drug delivery concepts, where a thorough understanding
of transport mechanisms and diffusion dynamics is crucial (see
the SI, Movie S8).
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