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While the rheological properties of low-consistency cellulose nanofibril 
(CNF) suspensions and the mechanical properties of dry CNF films have 
been reported, research on high-consistency suspensions and wet CNF 
mats remains limited. Understanding suspension behavior during 
dewatering over a wide range of solids contents is essential. In this study, 
CNF consistency was controlled up to 20% using pressurized dewatering, 
and rheological behavior was characterized up to 10.2% solids content. 
Tensile testing was applied at higher concentrations where mat-like 
behavior emerged. The network strength followed a consistent power-law 
relationship across the entire solids content range, with a scaling exponent 
of 2.74, indicating that CNF flocculation is fundamentally similar to that of 
pulp fiber behavior despite its higher aspect ratio and smaller dimensions. 
CNF initiated network formation at a consistency more than twice as low 
as that of pulp fiber and exhibited a 5- to 20-fold higher network strength. 
At high solids contents, tensile strength increased exponentially, while 
elongation reached a maximum at approximately 50% solids content, 
suggesting a transition from capillary-driven consolidation to a hydrogen-
bonded network. Nanofibrillation enhanced both tensile breaking stress 
and strain-at-break across all investigated solids contents. These results 
provide a framework for controlling CNF structural properties during 
dewatering and consolidation. 
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INTRODUCTION 
 

Cellulose nanofibrils (CNF), which are also called nanofibrillated cellulose, have 

attracted growing attention as high-performance and sustainable materials for a wide range 

of applications, including cosmetics, automotive components, pharmaceuticals, 

electronics, and papermaking. These diverse applications arise from the unique physical 

characteristics of CNF, particularly their high aspect ratio and hydrophilic surface 

chemistry, which enable the formation of robust, percolated networks even at very low 

solids contents. As a result, CNF suspensions exhibit distinctive rheological behaviors that 

make them versatile building blocks for advanced functional materials. 

Extensive research has focused on elucidating the rheological properties of CNF 

suspensions at low solids contents, where network formation, entanglement, and 
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flocculation dominate material behavior (Tatsumi et al. 2002; Pääkkö et al. 2007; Agoda-

Tandjawa et al. 2012). Tatsumi and Matsumoto (2007) demonstrated that the storage 

modulus of cellulose fiber suspensions follows a power-law relationship with consistency, 

with the exponent strongly influenced by fiber aspect ratio and flexibility. When expressed 

in terms of volume consistency, the power-law exponent approaches three, which is 

consistent with theoretical predictions and experimental observations for fiber suspensions 

(Bennington et al. 1990). Building on this framework, Pääkkö et al. (2007) applied rigid 

polymer network models (Jones and Marquès 1990) to CNF systems, showing that 

nanofibrils form highly entangled, three-dimensional networks that exhibit storage moduli 

orders of magnitude higher than those of cellulose nanocrystals. Hubbe et al. (2017) 

reviewed of the rheology of nanocellulose-rich suspensions, summarizing the effects of 

fiber morphology, network formation and breakup, wall slip, and colloidal factors on 

rheological behavior. Their review further summarized numerous studies reporting power-

law relationships between solids concentration and rheological properties, including 

viscosity and yield points, and discussed the interpretation of rheological responses in 

highly structured nanocellulose systems. 

Recent studies have further advanced the understanding of cellulose nanofibril 

systems by elucidating molecular-scale assembly mechanisms and functional properties. 

For example, Zhang et al. (2023a,b) investigated the structural organization and formation 

pathways of cellulose nanofibrils, while Ai et al. (2024) reported emerging functionalities 

of cellulose nanomaterials, including catalytic behavior and advanced material 

applications. In parallel, increasing efforts have been devoted to understanding the 

rheological behavior and network structure of CNF suspensions beyond conventional 

linear viscoelastic analysis. Recent studies have applied advanced rheological approaches, 

such as large amplitude oscillatory shear (LAOS), to capture nonlinear structural responses 

and network evolution in nanocellulose systems (Solhi et al. 2023; Xu et al. 2024). These 

approaches provide deeper insights into the relationship between microstructure and 

macroscopic mechanical behavior of fibrillar networks. 

Beyond macroscopic rheology, the microstructural characteristics of CNF networks 

have been investigated using imaging techniques. Saarikoski et al. (2012) reported that the 

flocculated structures formed by CNF suspensions are remarkably similar to those 

observed in conventional pulp fiber suspensions, despite the nanometer-scale dimensions 

of CNF. This finding aligns with decades of research on fiber flocculation in papermaking 

systems (Beghello 1998; Wågberg and Nordqvist 1999; Björkman 2003a,b; Karppinen et 

al. 2012), suggesting that fundamental network principles may persist across length scales. 

Since CNF originates from cellulose fibers, classical theories describing the 

suspension dynamics and network behavior of pulp fibers provide a valuable framework 

for understanding CNF systems, particularly at elevated solids contents. In papermaking, 

fiber dispersion and flocculation in the wet-end strongly influence sheet uniformity and 

final product quality (Björkman 2000; Kerekes 2006). Kerekes et al. (1985) identified three 

governing mechanisms for fiber network formation—colloidal aggregation, mechanical 

entanglement, and elastic bending—which collectively explain how increasing consistency 

enhances network strength but often compromises processability. Consistent with these 

concepts, the network strength of fiber suspensions has been shown to increase with 

consistency following a power-law relationship, with volume fraction playing a key role in 

determining network strength (Bennington et al. 1990; Youn and Lee 2002). 

At higher solids contents, rheological behavior alone is insufficient to describe 

material performance, and mechanical integrity becomes a critical factor. The strength of 
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wet fiber mats, commonly referred to as wet web strength, governs runnability and stability 

during papermaking operations. Numerous studies have shown that wet web strength 

evolves with solids content and is controlled by different mechanisms across concentration 

regimes (Lyne and Gallay 1954; Seth et al. 1984; Page 1993; Seth 1995). At low solids 

contents, surface tension forces dominate network cohesion, whereas above approximately 

40% solids content, direct fiber-to-fiber interactions become increasingly important (Seth 

et al. 1984). In this higher-solids regime, fiber morphology—particularly fiber length and 

coarseness—plays a decisive role in determining wet web strength, as fibers typically do 

not fracture during wet failure (Nordman et al. 1972; Seth 1990, 1995). 

The mechanical properties of CNF in the form of dry films have also been widely 

studied. Reported tensile strengths range from approximately 80 to 300 MPa, with strains 

at break between 2.5% and 17.5%, depending on cellulose source and processing 

conditions (Zimmermann et al. 2004; Leitner et al. 2007; Siró and Plackett 2010). While 

theoretical models predict elastic moduli approaching tens of gigapascals for idealized 

fibrillar networks (Cox 1952; Page et al. 1977), experimentally measured values are 

substantially lower, reflecting deviations from ideal alignment, fibril straightness, and 

bonding efficiency. 

Despite these advances, the continuous evolution of CNF network properties during 

the transition from dilute suspension to highly consolidated wet mat remains poorly 

understood. Recent studies have begun to explore the rheology of nanocellulose systems 

at higher solids contents, emphasizing the roles of yield stress and thixotropy in network 

development (Solhi et al. 2023; Xu et al. 2024). However, a unified description that spans 

the full solids content range—from dilute suspensions to nearly dry CNF mats—is still 

lacking. This gap arises largely from the practical challenges associated with dewatering 

CNF, as the nanometer-scale dimensions and high specific filtration resistance severely 

limit the applicability of conventional water removal techniques. 

Therefore, the objective of this study is to investigate the rheological and 

mechanical properties of CNF networks across an exceptionally broad range of solids 

contents, from 0.5% to 99%. By employing pressurized dewatering to control consistency 

up to 20%, followed by controlled drying at higher solids levels, this work examines 

whether the fundamental power-law relationship between network strength and solids 

content—well established for pulp fiber suspensions—remains valid for nanofibrillated 

cellulose throughout this structural transition. Furthermore, the influence of 

nanofibrillation intensity on network integrity is systematically evaluated, providing a 

unified framework that bridges classical fiber suspension theory and the behavior of 

nanoscale cellulose networks. 

 
 
EXPERIMENTAL 
 

Materials 
Bleached Eucalyptus kraft pulp was used as the raw material for nanofibrillation. 

The length-weighted average fiber length, measured using a Kajaani FiberLab analyzer 

(KajaaniFiberLab V.3, Metso, Finland), was 0.51 mm. The chemical composition of the 

pulp fiber was determined according to the TAPPI method (T 203 om-93), revealing an α-

cellulose content of 88.1% ± 1.1% and a hemicellulose content of 11.9% ± 1.1%.  
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Preparation of Nanocellulose  
The CNF was prepared from the pulp fiber through mechanical treatment. As a 

pretreatment the pulp fiber was beaten to a freeness of 450 mL CSF using a laboratory 

Hollander (Valley) beater. The beaten pulp was then diluted to a solids content of 2 wt% 

and subjected to nanofibrillation using a grinder (Super Masscolloider, Masuko Sangyo 

Co., Japan), operated at a gap setting of −50 μm, and processed through multiple passes 

(0–15 passes) to control the degree of nanofibrillation.  

The morphology of the samples was examined by FE-SEM (SUPRA 55VP, Carl 

Zeiss, Germany) and TEM (JEM1010, JEOL, Japan). For the FE-SEM analysis, the 

samples were coated with a thin conductive layer of Pt with a thickness of approximately 

3 nm prior to imaging. The accelerating voltage was set to 2 kV, and the working distance 

was maintained between 2 and 4 mm. For TEM analysis, a dilute CNF suspension was 

prepared and a small droplet was deposited onto a carbon-coated copper grid. After 

allowing the sample to adsorb for several minutes, excess liquid was carefully removed 

using filter paper. The sample was subsequently negatively stained with uranyl acetate to 

enhance contrast of the fibrillar structure, and then air-dried prior to observation. TEM was 

operated at an accelerating voltage of 80 kV. Quantitative analysis of fibril width was 

conducted using ImageJ based on the TEM images, with measurements performed on more 

than 200 fibrils to ensure statistical reliability. 

 

Preparation of CNF Mats with Varying Solids Contents  
CNF suspensions with an initial consistency of 2% were dewatered using 

pressurized dewatering equipment (PDE, Quro, Korea). For samples with solids contents 

below 20%, the solids content was precisely controlled by adjusting the dewatering time 

under constant pressure. To obtain samples with solids contents above 20%, additional 

water removal was achieved by controlled air-drying at room temperature. As the solids 

content increased, the material progressively lost flowability and transitioned from a 

suspension to a gel-like state and ultimately to a wet mat. Each sample at elevated solids 

content was sealed and stored for a sufficient period to allow equilibration of moisture 

distribution throughout the CNF network. All CNF mats were prepared with an identical 

dry fiber basis weight of 200 g/m², regardless of solids content. 

 

Characterization of Rheological Properties  
The rheological properties of CNF were characterized using an Advanced 

Rheometric Expansion System (ARES, TA Instruments, USA) equipped with a parallel-

plate geometry (ϕ = 25 mm). To ensure sufficient sensitivity to the CNF network structure, 

the gap between the plates was set in the range of 1 to 3 mm, and each sample was allowed 

to equilibrate for 5 min prior to measurement. Strain sweep tests were conducted at a 

constant frequency of 1 Hz (6.28 rad/s). During the strain sweep, the storage modulus (G′) 

initially remained constant within the linear viscoelastic region and subsequently decreased 

as the network structure began to break down. The critical strain was determined as the 

intersection point of two tangents drawn to the plateau region of G′ at low strain and the 

decreasing region at higher strain. The yield stress was then defined as the stress 

corresponding to this critical strain. Frequency sweep measurements were subsequently 

performed over a frequency range of 1 to 100 Hz at a constant strain of 1%, which was 

selected to remain within the linear viscoelastic region. During these measurements, the 

storage modulus (G′), loss modulus (G″), and complex viscosity were recorded.  
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Evaluation of Mechanical Properties of CNF Mats  
 The tensile properties of the CNF mat were evaluated using a Universal Testing 

Machine (UTM; Instron, USA) at a constant strain rate of 10%/min. Specimens with a 

width of 15 mm were prepared from CNF mats with varying solids contents. The span 

length between the clamps was 20 mm. The thickness of the specimens was measured as 

0.3 to 1.3 mm for wet mats and approximately 0.2 mm for dry mats.  

 

 

RESULTS AND DISCUSSION 
 
Morphological Characterization of CNF 

The morphological change of fibers during the nanofibrillation process was 

investigated using FE-SEM and TEM, as shown in Fig. 1. Figures 1(a–c) show FE-SEM 

images of the beaten fiber and CNFs at different grinding stages. Figure 1(a) shows the 

morphology of the beaten fiber prior to grinding, where the fibrous structure can be 

observed. After 5 passes (Fig. 1(b)), fibrillation had increased, indicating fiber 

delamination, while after 10 passes (Fig. 1(c)), the fibers were further fibrillated and 

fragmented into smaller elements. Although nanoscale fibrils cannot be directly resolved 

at this magnification, the overall reduction in fiber dimensions is evident. 

 

 
 

Fig. 1. Morphological evolution of cellulose fibers during the nanofibrillation process. (a) Beaten 
fiber prior to grinding, (b) CNF after 5 passes, (c) CNF after 10 passes, (d) CNF after 15 passes 
(high-magnification FE-SEM image), (e) TEM image of CNF after 15 passes; FE-SEM images in 
(a–c) were acquired at a magnification of ~2000×, while (d) was obtained at ~50,000×. The TEM 
image in (e) was acquired at ~200,000×. 
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A high-magnification image of the CNF after 15 passes is shown in Fig. 1(d). It 

reveals a heterogeneous network consisting of both individual nanofibrils and aggregated 

fibrillar structures, indicating an advanced stage of fibrillation. To further confirm the 

formation of nanoscale fibrillar elements, TEM analysis was performed for the 15-pass 

CNF (Fig. 1(e)). Due to the hierarchical structure of pulp fibers, the measured fibril width 

may vary depending on whether individual fibrils or fibril bundles are selected. However, 

for the CNF produced after 15 passes of grinding in this study, the average (mean) value 

of the CNF was approximately 15 nm, and the median value was approximately 10 nm. 

These results confirm that repeated grinding effectively produced nanoscale fibrillar 

structures.  

 
Rheological Network Properties of CNF at Low to Intermediate Solids 
Contents 

Rheological properties, such as storage modulus (G′) and yield stress, characterize 

the network strength of CNF suspensions and have been reported in various studies 

(Tatsumi et al. 2002; Pääkkö et al. 2007; Agoda-Tandjawa et al. 2012). While these 

properties typically follow a power-law relationship with consistency, most experimental 

data have been limited to low solids contents, reaching only up to approximately 5.8% 

(Pääkkö et al. 2007). The power-law exponent is generally reported to be close to 3, 

whereas Agoda-Tandjawa et al. (2012) reported a slightly lower value of 2.58. Despite 

these theoretical foundations, characterization of CNF suspensions at higher solids 

contents remains challenging, as the rapidly increasing network stiffness often leads to 

unreliable dynamic measurements due to wall slip in parallel-plate geometries. By 

employing a controlled sample preparation and equilibration procedure prior to rheological 

testing, reliable measurements were obtained for CNF suspensions with solids contents of 

up to 10.2%. 

Figure 2(a) presents the yield stress and critical strain of CNF, prepared by 15 

passes through the grinder, as a function of solids content up to 10.2%. Yield stress is 

widely accepted as a direct measure of network strength (Kurath 1959; Bennington et al. 

1990; Kerekes and Schell 1992; Tatsumi et al. 2002). The results show that as solids 

content increases, the network strength significantly enhances. Conversely, the critical 

strain — the point distinguishing the linear and non-linear viscoelastic regions, which 

indicates the onset of nanofibril network breakdown — decreases with increasing solids 

content. This inverse relationship indicates that the CNF network becomes increasingly 

rigid as it densifies. However, for samples exceeding 10% solids content, dynamic 

measurements using parallel plate geometry became unreliable due to the increased 

stiffness of the mat-like structure and potential slip between the plates. Therefore, these 

data points were excluded from the dynamic measurement results, and the network 

properties at higher solids contents were therefore investigated using tensile testing 

methods (Fig. 4). 

Frequency sweep tests further confirm the rigid network properties of the CNF 

suspension, which intensify with increasing solids content (Fig. 2(b)). The storage modulus 

(G′) of the CNF suspension remained nearly constant across the measured frequency range 

and increased systematically with solids content. Furthermore, the complex viscosity 

exhibited pronounced shear-thinning-like behavior with increasing frequency (Fig. 2(c)). 

This indicates that while the complex viscosity was high at low frequencies, it decreased 

markedly as the frequency increased. This behavior persisted even at a solids content of 

10%.  
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Fig. 2. Rheological properties of CNF suspension: (a) Yield stress and critical strain of CNF below 
the consistency of 10%, (b) Storage modulus of CNF suspension with change in frequency, (c) 
Viscosity of CNF suspension with change in frequency, (d) Viscosity of CNF suspension at the 
frequency of 10 Hz as the function of solids content, (e) Storage modulus and yield stress of CNF 
suspension as a function of solids content. 

 

The relationship between complex viscosity and solids content at a fixed frequency 

of 10 Hz is shown in Fig. 2(d). Within the measurable range of the rheometer, the viscosity 

increased sharply with solids content, reflecting the progressive densification and 

entanglement of the nanofibril network. However, as the solids content exceeded this 

range, accurate measurements became increasingly difficult because the suspension 

gradually lost its fluid-like characteristics and exhibited substantial wall slip within the 

parallel-plate geometry. In addition, as discussed by Hubbe et al. (2017), rheological 

measurements of highly structured nanocellulose systems may be influenced by both wall-

slip effects and slippage between partially fractured flocculated network fragments. 
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Within the accessible low-solids regime, both the storage modulus and the 

rheology-based yield stress followed power-law-type scaling with solids content (Fig. 

2(e)). These trends describe the local scaling behavior of the CNF network under dynamic 

conditions. Beyond approximately 10% solids content, the CNF transitioned into a mat-

like state that was too stiff for reliable dynamic measurements, leading to inconsistent 

results due to interfacial slip between the plates.  

 

Mechanical Properties of CNF Mats at High Solids Contents 
The morphology of the fibers was modified by increasing the number of passes 

through the grinder, thereby enhancing the degree of fibrillation. To evaluate the impact of 

these morphological changes, the tensile properties of CNF mats were measured across 

various solids contents and pass numbers. Stress-strain curves of CNF mat (99%) with 

increasing number of passes are shown in Fig. 3 (a). As the number of passes increased, 

both the tensile breaking stress and the strain at break improved significantly. While the 

pulp fiber mat (0 pass) exhibited brittle failure at low stress, the CNF mats (5 to 15 passes) 

showed much higher toughness and ductility. 

 

 
 

Fig. 3. Tensile properties of CNF mats: (a) Stress-strain curves of CNF mat (99%) with increasing 
number of passes, (b) Tensile breaking stress of CNF mats with increasing solids content, (c) 
Strain at break with increasing solids content, (d) Elastic modulus of the mat with increase in 
number of passes. 
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The relationship between tensile breaking stress and solids content is further 

analyzed in Fig. 3 (b). For all samples, the tensile breaking stress increased exponentially 

with solids content, a trend consistent with previous findings for pulp fibers (Belle and 

Odermatt 2016). Notably, as nanofibrillation progressed (increasing passes), the 

experimental data fit the ideal exponential function more closely (R2 ≈ 1). This improved 

fit is attributed to the increased network density and more uniform water distribution within 

the CNF mat resulting from progressive fibrillation. Furthermore, the wet strength of the 

CNF mats showed a remarkable improvement. At 50% solids content, the pulp fiber mat 

(0 pass) exhibited a tensile strength comparable to that of fully fibrillated CNF (15 passes) 

at only 25% solids content. The relatively high wet strength of CNF mats at lower solids 

content may be attributed to their large specific surface area, which allows water to be 

retained in a bound state rather than as free water. This enhances capillary forces within 

the fibrillar network, contributing to the development of network strength even at lower 

solids content. This suggests that nanofibrillation can compensate for lower solids content 

in terms of mechanical integrity, which is critical for improving runnability in papermaking 

processes. 

Strain at break of pulp fiber (0 pass) generally decreased as solids content increased, 

as shown in Fig. 3 (c). In contrast, as the nanofibrillation progressed, the strain at break of 

fiber mats increased with solids content up to approximately 50%, followed by a rapid 

decrease. The initial increase is likely due to the enhanced inter-fibrillar contact area and 

friction as the network consolidates. However, above 50% solids content, intensified 

capillary forces arising from further water removal draw nanofibrils into close contact, 

leading to a highly densified structure. This densification, combined with increased inter-

fibrillar interactions including hydrogen bonding, imposes strong constraints on molecular 

mobility, resulting in decreased plasticity and lower breaking strain. 

Figure 3 (d) illustrates the change in the elastic modulus as a function of the number 

of passes. The elastic modulus of the mat increased with the number of passes. 

Nanofibrillation had a more pronounced effect on the dry state than on the wet state. While 

the wet CNF mats showed a 1.8 to 2.2-fold increase in elastic modulus compared to the 

wet pulp fiber mats (0 pass), the dry CNF mat (99% solids content, 15 passes) exhibited a 

6-fold increase, reaching approximately 3 GPa. This rapid increase of the elastic modulus 

at high solids content is primarily driven by the transition from a friction-dominated 

network to a hydrogen-bonded consolidated structure, which also causes the decrease in 

the strain at break. 
 

Unified Scaling of Network Strength of CNF Across the Entire Solids 
Content Range 

The power-law relationship between solids content and network strength remained 

remarkably consistent across the entire measured range, regardless of whether dynamic 

rheometry or tensile testing was employed (Fig. 4(a)). In the tensile measurements, the 

tensile breaking stress was defined as the stress at which the consolidated CNF network 

began to fail irreversibly, thereby providing a practical counterpart to the yield point 

obtained from oscillatory rheology at lower solids contents. Although these two measures 

correspond to different mechanical events (onset of yielding vs. ultimate fracture), both 

reflect the integrity and load-bearing capacity of the CNF network under their respective 

testing conditions. Importantly, the governing network structure remains continuous across 

regimes, even though different mechanical properties are measured. Across the entire range 

from 0.5% to 99% solids content, all data points aligned along a single regression line on 
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a log–log scale. The coefficient in this power-law relationship is typically determined by 

the intrinsic characteristics of the fibers, such as aspect ratio, flexibility, and length 

(Tatsumi and Matsumoto 2007). However, the exponent is primarily governed by the 

network topology, particularly flocculation and the fractal organization of the fiber 

network, rather than solely by the aspect ratio of individual fibrils. In this study, the 

exponent was found to be 2.74. Despite the significantly higher aspect ratio of CNF 

compared to conventional pulp fibers, the observed exponent remains similar. This 

suggests that, at the network scale, CNF forms aggregated and entangled structures that 

behave as flocculated fiber networks, effectively masking the intrinsic nanoscale geometry 

of individual fibrils. Therefore, while intrinsic fiber characteristics may influence the 

magnitude of network strength, the scaling exponent reflects the hierarchical organization 

and connectivity of the network structure. Based on the experimental exponent of 2.74, the 

fractal dimension (DF) was calculated to be 1.4, which is in close agreement with the 

findings of Pääkkö et al. (2007). 

A previous study on CNF flocculation (Saarikoski et al. 2012) suggested that CNF 

behavior is similar to pulp fibers, despite their vast dimensional differences. In this study, 

the power-law exponent relating network strength to solids content remained close to 3 

across the entire measured range (0.5 to 99%). Tatsumi et al. (2002) demonstrated that the 

suspension network strength of cellulose fiber is logarithmically proportional to the aspect 

ratio, while Seth (1995) reported that wet strength is proportional to fiber length and 

inversely proportional to fiber coarseness. Since coarseness is a function of fiber thickness, 

these findings collectively emphasize that fiber aspect ratio can influence network strength 

within limited concentration ranges reported in the literature. However, in the present study, 

the consistent scaling behavior observed across a wide solids content range suggests that 

network-level structural organization plays a more dominant role than the intrinsic 

geometry of individual fibrils. 

In this study, the effect of solids content was investigated over a significantly wider 

range than in previous studies. These results demonstrate that the flocculation behavior of 

nanofibrillated cellulose is fundamentally similar to that of traditional pulp fiber although 

CNF has a much higher aspect ratio and significantly smaller dimensions. This structural 

similarity was confirmed to persist even in the range of high solids content. However, 

differences were observed; the tensile breaking stress of the CNF network was 5 to 20 

times higher than that of pulp fiber at equivalent solids contents. This indicates that CNF 

establishes a robust, load-bearing network at much lower concentrations while providing 

vastly superior mechanical resistance compared to pulp fibers.  

The elastic modulus of the CNF mat as a function of solids content was derived 

from the strain-stress curve. As shown in Fig. 4(b), the elastic modulus increased 

exponentially with solids content, exhibiting a strong correlation. These results are 

consistent with general observations that network strength increases markedly with the 

dryness (solids content) of a wet web (Belle and Odermatt 2016). 

The presence of interstitial water between nanofibrils in the wet mat is maintained 

by the high density of hydroxyl groups on the CNF surfaces. As the solids content 

increases, these lubricating water layers progressively thin out. The growing rigidity and 

stiffness of the wet mat are primarily attributed to surface tension, mechanical contacts, 

and fibrillar entanglements. These factors collectively enhance the effective friction and 

viscosity at inter-fiber contacts (Seth et al. 1984; Page 1993; Seth 1995), thereby leading 

to the observed exponential increase in the elastic modulus. 

 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Ryu & Youn (2026). “Nanocellulose solids & rheology,” BioResources 21(3), 6726-6740.  6736 

 
 

Fig. 4. Mechanical properties of 15 passes CNF mats; (a) Network strength of CNF mat with 
increasing solids content. CNF mat with solids content of 1 to 10% was measured with dynamic 
rheometer and CNF mat with solids content above 10% was measured with tensile tester, (b) 
Elastic modulus vs. solids content of CNF which was pressurized and dried wet mat, (c) 
Elongation and tensile strength of CNF wet mat with increasing solids content 

 

Figure 4 (c) shows the tensile strength and elongation of the CNF mat as a function 

of solids content. Tensile strength consistently increased with solids content, exhibiting a 

notably sharp rise beyond approximately 50%. Interestingly, elongation showed a 

parabolic trend: it increased with solids content up to around 50%, then decreased above 

this threshold. 

The steady increase in tensile strength is closely related to the interaction between 

nanofibrils. As water is removed, the decreasing distance between fibrils leads to a higher 

number of contact points. This phenomenon can be explained by the Laplace pressure 

mechanism as proposed by Campbell (1933). In a system where water exists between two 

surfaces, the negative curvature of the meniscus generates an attractive capillary force that 

pulls the surfaces together. According to Campbell’s model, while the magnitude of this 

force remains constant as long as the meniscus exists at the edges, the evaporation of water 

continues to draw the fibrils into closer together. In a complex CNF matrix, these capillary 

forces act as powerful driving force for consolidation, increasing effectively as the 

interstitial spaces shrink and the fibrils are brought into intimate contact.   

A critical inflection point in elongation was observed at approximately 50% solids 

content. Below this threshold, increases in tensile strength were accompanied by increases 

in elongation, suggesting that stress dissipation occurred primarily through fibrillar 
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rearrangement prior to failure. This behavior is consistent with general observations for 

wet paper and pulp fiber networks, where significant changes in viscoelastic response and 

network bonding dynamics occur in the intermediate solids content range (Hubbe et al. 

2024). Such transitions have been attributed to the increasing contribution of hydrogen 

bonding and frictional contacts as water is progressively removed from inter-fiber and 

inter-fibrillar regions. In the present study, the elastic modulus similarly exhibited an 

exponential increase with solids content, with a noticeable change in slope occurring from 

approximately 40% solids content (Fig. 4(b)).  

Furthermore, the results imply that a significant volume of water remains between 

nanofibrils even after pressing, up to the 50% threshold. The existence of this interstitial 

water suggests that the space it occupies could be potentially displaced by air or other 

media. This finding points to a potential strategy for controlling the pore size and 

distribution of CNF structures by adjusting the solids content during the consolidation 

process. 
 

 
CONCLUSIONS 
 

1. The mechanical and rheological properties of cellulose nanofibrils (CNF) were 

successfully integrated over an extensive range of solids contents from 0.5% to 99%. 

Across this entire spectrum, the network strength followed a consistent power-law 

relationship with a scaling exponent of 2.74, providing a comprehensive framework for 

understanding CNF consolidation from suspension to a dry mat. 

2. The power-law exponent of 2.74 indicates that the flocculation behavior of nanofibrils 

is fundamentally similar to that of pulp fibers, despite the significantly higher aspect 

ratio and smaller dimensions of CNF, indicating that the observed power-law 

relationship is governed by network-level structural organization rather than the 

intrinsic geometry of individual fibrils. 

3. The network strength of CNF was 5 to 20 times higher than that of conventional pulp 

fiber at equivalent concentrations, highlighting the significant role of enhanced inter-

fibrillar interactions and effective contact area in CNF networks. 

4. A CNF mat at a solids content of 25% exhibited a tensile breaking stress comparable 

to that of a pulp fiber mat at 50% solids content, indicating the superior consolidation 

efficiency of nanofibrillated cellulose networks, likely arising from increased surface-

driven interactions such as capillary forces and hydrogen bonding. 
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