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1 General Introduction  

 

Natural fiber reinforced polymer (NFRP) composites 

have gained interest over the past decade because of 

their low material costs, light weight, high specific 

modulus and environmentally friendly appeal [1, 2]. 

However, in the NFRP composites, the use of natural 

fibers like jute, hemp and ramie is not enough to move 

the current technological limitations of composites 

because of their short length and material variability.  

Nanocellulose is known to have high specific strength 

and elastic modulus. Nanocellulose can be mainly 

divided into cellulose nanofiber (CNF) and cellulose 

nanocrystal (CNC), which have merits in terms of 

renewability, high specific strength, high specific 

elastic modulus, lightweight, abundance, low price 

and low thermal expansion coefficient [3]. Young’s 

modulus of CNF is in the range of 88-110 GPa and its 

tensile strength is 1-3 GPa depending on resources [4]. 

However, its length is too short to form long-fiber. 

Recently, CNFs were formed to a long-fiber by means 

of wet extrusion. Its elastic modulus, 22.5 GPa, is 

lower than that of cellulose nanocrystal and more or 

less than those of natural fibers like flax, jute, hemp 

and ramie fibers. Figure 1 shows the comparison of 

Young’s moduli and specific moduli of engineering 

materials, cellulose and natural fibers. The natural 

fibers are not enough to support the goal of 

composites of the future because they are too short to 

form long-fiber and have natural variability which 

limit the mechanical strength. Thus, nanocellulose 

long-fiber of high elastic modulus should be 

developed to meet the goal of the proposed research. 

Figure 2 shows the concept of environmentally-

friendly composites made by mimicking  

 

 

Cellulose long fiber (CLF) can be made by spinning 

or aligning nanocellulose, like CNF. However, CLF 

for NFRP composites should have high strength and 

stiffness as well as toughness because toughness is 

also an important factor for NFRP composites to 

endure under external loads. Recently it was 

surprisingly reported that both the strength and 

toughness of the nanopaper was increased 

simultaneously as the size of the constituent cellulose 

fiber decreased [5]. Thus, it is natural to decease the 

natural fiber size into CNF so as to improve 

mechanical properties of CLF. Furthermore, once the 

CNFs are aligned, then the bond sites between them 

could be drastically increased. Thus, an efficient way 

of CNF alignment is essential for fabricating strong 

and tough CLF.  

 

 

Figure 1. Moduli of engineering materials compared 

to cellulose and natural fibers. 

 

This presentation summarizes current state of the art 

of CLF fabrication and show recent progress on this 

area by our group. A useful fabrication process of 

CLF from CNF suspension by wet spinning, 

stretching and drying was made [6,7]. Isolation of 



CNF from the hardwood pulp was conducted by using 

2, 2, 6, 6-tetramethylpiperidine-1-oxyl (TEMPO) 

oxidation. The mechanical properties of the 

fabricated fibers improve with increasing of the 

spinning speed as well as the stretching ratio because 

of the aligning of CNFs. The fabricated macroscale 

fiber exhibits the maximum Young’s modulus of 37.5 

GPa with the maximum tensile strength of 543.1 MPa. 

Moreover, the fabricated macroscale fiber exhibits 

relatively high elongation at break, which indicates 

high toughness.  

Reducing the size of CNF and aligning them is very 

critical issue in fabricating strong and tough CLF. 

There are several methods to align the CNFs by 

applying electric field, magnetic field, mechanical 

stretching and shear force. Magnetic and electric 

fields were simultaneously applied to the wet spun 

CLF and enforcing hydrogen bonds between the 

aligned CNFs. Figure 2 shows the results.  

 

 
Figure 2. SEM images of CLFs surface with energy 

field directions [8]. 

 

The CNFs are randomly oriented in the absence of 

any field, which means that CNFs can be oriented 

toward any three-dimensional directions in a wet-

state cellulose long fiber (WCLF). However, when 

magnetic field is applied, CNFs form chiral nematic 

phases and their helix axis is aligned parallel to the 

magnetic field direction. In that case, the CNFs are 

turned their longitudinal axis towards only two-

dimensional directions on the perpendicular plane to 

the magnetic field. Furthermore, when an AC electric 

field is simultaneously applied on the WCLF with 

keeping the magnetic field perpendicular to the 

electric field, the CNFs are staring to align to the 

electric field direction. Finally, the CNFs attain an 

accolated alignment by AC electric field. By securely 

bonding the well aligned CNFs with drying, a strong 

and tough structure of CLF can be made.  
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