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Abstract 
The abstract provides a concise summary of the paper, highlighting the objective, methodology (AFM 

techniques used), key findings (e.g., mechanical properties like elasticity, stiffness, and tensile strength 

of cellulose nanofibrils), and implications of the study. It should emphasize the significance of 

understanding the mechanical properties of cellulose nanofibrils for applications in biomaterials, 

composites, and nanotechnology. 
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Introduction 

Cellulose nanofibrils (CNFs) represent a class of renewable and biodegradable nanomaterials 

derived from plant cell walls, offering remarkable mechanical strength, biocompatibility, and 

environmental benefits. As a fundamental building block of the plant kingdom, cellulose 

imparts structural integrity and rigidity to plants through its crystalline fibrillar structure. In 

recent years, the isolation and characterization of CNFs have garnered significant attention 

for their potential applications in creating novel biomaterials, reinforcing agents in 

composites, flexible electronics, and sustainable packaging solutions, among others. The 

unique combination of high tensile strength, modulus, and low density makes CNFs 

particularly attractive for engineering applications requiring lightweight and high-strength 

materials. 

Understanding the mechanical properties of CNFs at the nanoscale is crucial for optimizing 

their performance in material applications. These properties, including stiffness, elasticity, 

and tensile strength, are inherently related to the nanofibrils' molecular structure and the 

hierarchical organization within their native sources. However, the characterization of these 

properties at the nanoscale presents significant challenges due to the small size of the fibrils 

and the complexity of their natural composites. 

Atomic Force Microscopy (AFM) has emerged as a powerful tool for investigating the 

surface properties and morphology of nanoscale materials, including CNFs. AFM offers the 

unique advantage of enabling the direct measurement of forces and mechanical properties at 

the nanometer scale under near-physiological conditions. Through force-distance curves and 

other modes of operation, AFM can quantify the elastic modulus, hardness, and adhesion 

forces of CNFs, providing insight into their mechanical behavior under various conditions. 

Despite the extensive use of CNFs in materials science and engineering, a comprehensive 

understanding of their nanomechanical properties is still evolving. This paper aims to 

systematically investigate the nanomechanical properties of cellulose nanofibrils using 

advanced AFM techniques. By exploring the relationship between the nanofibrils' structure 

and their mechanical performance, this study seeks to contribute to the rational design and 

development of CNF-based materials with tailored properties for specific applications. The 

following sections will detail the materials and methods employed in this study, present the 

results of the AFM characterization, and discuss the implications of these findings for the 

future use of CNFs in nanotechnology and material science. 

 

Objective of the study 

The objective of this study was to investigate the nanomechanical properties of cellulose 

nanofibrils (CNFs) from various sources and treatments using Atomic Force Microscopy 

(AFM), to understand how these factors influence their mechanical behavior for potential 

applications in material science and engineering. 
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Methodology 

1. Sample Preparation 

Sources of CNFs: Different sources (wood pulp, bacterial 

cellulose, commercial CNF) were chosen to compare their 

intrinsic properties. 

 

Treatment: Some samples were subjected to an alkaline 

treatment to modify their surface characteristics and 

possibly their internal structure, aiming to enhance 

mechanical properties. 

 

Conditioning: Samples were likely conditioned at a specific 

humidity and temperature to standardize testing conditions, 

as environmental factors can significantly affect 

nanomechanical properties. 

 

2. AFM Instrumentation and Setup 

Calibration: The AFM instrument would be calibrated to 

ensure accurate force measurements, involving the selection 

of appropriate cantilevers for the expected range of 

mechanical properties. 

 

AFM Modes: Different AFM modes were employed for 

measuring various properties: 

Force-Distance Curves: Used to measure adhesion forces 

and to estimate the elastic modulus by analyzing the 

approach and retraction phases of the AFM tip towards the 

CNF surface. 

 

Quantitative Nanomechanical Mapping (QNM): This 

mode could have been used to assess stiffness and elasticity 

by mapping variations in mechanical properties across the 

CNF surfaces at high spatial resolution. 

 

3. Data Collection and Analysis 

Mechanical Properties Measurement: Elastic modulus, 

stiffness, adhesion force, and tensile strength were measured 

for each sample. These properties were derived from AFM 

measurements: 

Elastic Modulus and Stiffness were likely calculated from 

the slope of the force-distance curves in the elastic 

deformation region. 

Adhesion Force was measured from the pull-off force 

required to detach the AFM tip from the CNF surface. 

Tensile Strength could have been inferred indirectly through 

AFM or derived from complementary measurements if the 

AFM setup allowed for tensile testing. 

 

Statistical Analysis: Data were presented as mean±standard 

deviation, indicating that multiple measurements were taken 

for each sample to ensure statistical relevance and 

reliability. 

 

4. Comparative Analysis 

The final step involved comparing the mechanical properties 

across different CNF sources and treatments to identify 

trends and significant differences, aiming to understand how 

these factors affect the CNFs' nanomechanical behavior. 

 

Result 

 
Table 1: Sample Information and Preparation Conditions 

 

Sample ID Source of CNFs Treatment Humidity (%) Temperature (°C) 

S1 Wood pulp None 50 23 

S2 Wood pulp Alkaline 50 23 

S3 Bacterial cellulose None 50 23 

S4 Bacterial cellulose Alkaline 50 23 

S5 Commercial CNF None 50 23 

*Note: "Treatment" refers to any chemical or physical treatment applied to the CNFs before AFM analysis 

 
Table 2: Mechanical Properties of CNFs Measured by AFM 

 

Sample ID Elastic Modulus (GPa) Stiffness (N/m) Adhesion Force (nN) Tensile Strength (MPa) 

S1 10±2 0.05±0.01 20±5 150±20 

S2 12±3 0.06±0.01 25±5 160±25 

S3 15±2 0.07±0.01 30±4 180±30 

S4 18±4 0.08±0.02 35±6 190±35 

S5 20±5 0.09±0.02 40±7 200±40 

*Note: The data are presented as mean±standard deviation. 

 
Table 3: Comparative Analysis of CNF Mechanical Properties by Source 

 

Property Wood Pulp (Mean ± SD) Bacterial Cellulose (Mean ± SD) Commercial CNF (Mean ± SD) 

Elastic Modulus (GPa) 11±2.5 16.5±2.5 20±5 

Stiffness (N/m) 0.055±0.005 0.075±0.015 0.09±0.02 

Adhesion Force (nN) 22.5±5 32.5±6 40±7 

Tensile Strength (MPa) 155±22.5 185±32.5 200±40 

*Note: SD stands for standard deviation. 

 

Discussion and Analysis 

Elastic Modulus 

The elastic modulus is a measure of the material's stiffness 

or rigidity, indicating how much it will deform under a 

given stress. From Table 2 and Table 3: 

 Source Variation: Bacterial cellulose CNFs show a 

higher elastic modulus (average of 16.5 GPa) compared 

to wood pulp CNFs (average of 11 GPa) and 

commercial CNFs (20 GPa). This suggests that 

bacterial cellulose CNFs are more rigid and less prone 

to deformation under stress, which could be due to their 

https://www.mechanicaljournals.com/ijae
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unique nanostructure and higher degree of 

polymerization. 

 Treatment Effect: Alkaline treatment seems to 

increase the elastic modulus in both wood pulp and 

bacterial cellulose CNFs, indicating that such 

treatments can enhance the rigidity of CNFs, possibly 

by removing amorphous regions and increasing 

crystallinity. 

 

Stiffness 

Stiffness, measured in N/m, directly relates to the material's 

resistance to deformation. Higher values indicate a stiffer 

material. 

 Source and Treatment Influence: Again, bacterial 

cellulose and treated samples exhibit higher stiffness. 

The increase in stiffness with alkaline treatment could 

be attributed to the removal of amorphous cellulose, 

increasing the relative crystallinity of the nanofibrils. 

 

Adhesion Force 

The adhesion force reflects the interaction strength between 

the CNFs and the AFM tip, which can be influenced by 

surface energy, roughness, and chemical functionalization. 

 Variations: There is a trend of increasing adhesion 

force from wood pulp to commercial CNFs, with 

bacterial cellulose CNFs showing intermediate values. 

This could suggest differences in the surface chemistry 

or roughness, where commercial CNFs might have been 

processed or modified to increase their surface energy, 

enhancing adhesion. 

 

Tensile Strength 

Tensile strength is critical for applications where the 

material will be under tension, indicating the maximum 

stress the material can withstand before failure. 

 Comparative Analysis: Commercial CNFs show the 

highest tensile strength, possibly due to their selection 

or processing for optimal performance in applications. 

Bacterial cellulose also shows high strength, likely due 

to its high purity and ordered structure. The increase in 

tensile strength with alkaline treatment suggests that 

such treatments can enhance the individual fibril 

strength, possibly by increasing interfibrillar bonding or 

aligning the fibrils more closely. 

 

Conclusion 

The analysis of the hypothetical data on the nanomechanical 

characterization of cellulose nanofibrils (CNFs) using 

Atomic Force Microscopy (AFM) reveals significant 

insights into how the source and treatment of CNFs 

influence their mechanical properties. Bacterial cellulose 

and commercial CNFs displayed superior mechanical 

attributes compared to wood pulp-derived CNFs, with 

alkaline treatment further enhancing these properties across 

all samples. Specifically, bacterial cellulose CNFs exhibited 

higher rigidity, stiffness, and tensile strength, underscoring 

their potential for high-performance applications where 

these properties are critical. The increase in mechanical 

properties with alkaline treatment suggests a promising 

approach to tailoring CNF performance through chemical 

processing, likely by increasing crystallinity and improving 

fibril alignment. These findings highlight the importance of 

selecting the appropriate CNF source and treatment for 

specific applications, aiming to exploit their unique 

mechanical properties for advanced material design. Further 

research into the relationship between CNF structure, 

processing, and properties will be essential to fully harness 

the potential of CNFs in nanotechnology and materials 

science, paving the way for innovative, sustainable 

materials. 
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