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Abstract 

Electrospinning is a fiber production method that has gained a special attention due to the simple 

setup and potential for the industry scale up to produce nanoregime polymer fibers. However, 

electrospun fibers have relatively poor mechanical properties, which could be improved by 

introducing reinforcing agents. Cellulose nanocrystals (CNCs) are a promising candidate for use 

as such fiber reinforcing phase due to nanoscale dimensions, excellent mechanical properties, 

abundance in nature, biocompatibility and renewability. The mechanical properties of reinforced 

fibers can be further improved by aligning them uniaxially. There are several reports available on 

aligning electrospun fibers and reinforcing them with CNCs. However, alignment of the 

reinforcing phase, such as CNCs, inside matrix is not studied extensively. The importance of 

aligning arises from different mechanical properties exhibited by the CNCs in longitudinal and 

transverse directions due to the high aspect ratio. This anisotropic nature of CNCs could be 

employed in nanocomposite fibers by aligning crystals along the fiber direction. In this study, the 

effect of the electric field modification on the alignment of CNCs in poly(vinyl) alcohol fibers was 

investigated. Fibers were collected using four different collector types, which also gave four 

different electric field configurations. Alignment of the reinforcing crystals in fibers with different 

degree of macroscopic orientation was studied using 2D XRD and polarized FT-IR. These studies 

confirm the alignment of both CNCs and PVA in uniaxially aligned fibers. Mechanical testing 

showed that improvement in alignment is directly related to the increase of the strength of the 

material. Aligned PVA-CNCs fibers had more than 100 times higher elastic modulus compared to 

non-aligned fibers. The rule of mixtures, Halpin-Tsai equation and orientation modified Cox’s 

equation were used to calculate theoretical values of elastic modulus and compare with 

experimental values. The comparison of between experimentally observed alignment of CNCs and 

theoretically predicted values shows that there is a potential for further improvement. The 

demonstrated improvements in the alignment of reinforcing phase could find applications, where 

well-aligned architectures are required, for example in uses as tissue engineering, scaffolds, 

membranes, microelectronic devices etc. 
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1. Introduction 

Fibers, especially with sizes in the sub-micron region, have gained a significant attention in the 

recent years both from industry and academia due to a high surface area, the possibility for surface 

functionalization and versatility in terms of choice of starting materials. Continuous research in 

the field of fiber technology resulted in various production methods, such as electrospinning [1-

3]. 

Electrospinning can be used to produce polymer fibers with diameters ranging from nanometers 

to few micrometers. In the electrospinning process, when the electric field is applied, a polymer 

solution gets electrified and forms a conical shape, which is known as Taylor cone. Once the 

electrostatic forces are greater than surface tension, a charged jet is formed. The jet then 

experiences thinning into a fiber and is attracted from the region of high potential to a grounded 

collector [3]. Such polymer fibers are known to be ductile with low mechanical strength. To 

improve mechanical properties of the fibers various methods are used, such as heat treatment, 

cross-linking of the polymer, introduction of reinforcing agents and alignment of the fibers [1-3]. 

Uniaxial alignment of reinforced fibers will be the focus of the current investigation. 

To improve the mechanical properties various forms of reinforcing agents are reported with 

variations in shapes (particles, rods, fibers, disks) and in type: inorganic (e.g. metal oxides) or 

organic (e.g. polymer reinforcing particles) [1]. Due to increased awareness of environmental 

problems biobased reinforcing agents are now used more extensively. Cellulose nanocrystals 

(CNCs), derived from acid hydrolysis of cellulose, exhibit high crystallinity with excellent 

mechanical properties, low density and thermal stability [4-7].  

An alternative way to improve mechanical properties is to align the fibers. This method has found 

its applications in the fields of biomedical engineering and membrane production. Membranes, 

tissues and scaffolds should be able to withstand certain pressures and forces, thus, aligning the 

fibers along the force direction is desirable. Successful uniaxial alignment of fibers was done 

through the control of the electric field. Concentrating electric field lines allows depositing the 

fibers in a predetermined way and this can be accomplished by variating the collector type [1-3, 

8-17].  

Numerous research works on electrospinning of reinforced polymer fibers and alignment of the 

fibers exist [8-21]. Nevertheless, alignment of the reinforcing agents, especially CNCs, in the 

electric field was not extensively studied. The need for aligning the reinforcing phase along the 

fiber direction is essential if the anisotropic character of CNCs is considered. In a successful 

alignment, the exceptional mechanical strength of CNCs can be fully exploited to improve the 

overall performance of the nanocomposite material [21]. 
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2. Literature review 

2.1. Electrospinning 

Electrospinning is one of the methods for production of 1-dimensional nanostructures, which has 

gained a significant attention in the past years.  This is a fiber drawing technique based on 

electrostatic interactions. Other methods for fiber production, such as drawing, template synthesis, 

phase separation and self-assembly, produce thicker fibers or have low yield, which made the 

research of electrospun nanofibers attractive [1]. Electrospinning has several advantages over 

other methods, including potential for scaling into industrial mass production, repeatability, 

versatility in the choice of polymers and possibility to control the fiber length and diameter [1-3]. 

Membranes assembled from electrospun nanofibers have a good pore structure, small pore size 

and high surface area. Therefore, they have found applications in the areas of filtration, biomedical 

applications, pharmaceuticals, protective clothing etc. Polymers used for electrospinning can be 

both natural and synthetic, which makes the technology robust and versatile. However, despite all 

the advantages of the process, electrospinning has not found a ubiquitous application yet as it is 

still facing some challenges, among which are scalability, control of the process and fiber 

alignment [1-3].  

2.2. Basic setup 

Figure 1 below shows the basic setup of the apparatus for electrospinning process: 

 

Figure 1. Schematic illustration of the basic setup for electrospinning [1] 

The major parts of the setup include: a high-voltage supply, spinneret and a grounded collector. 

To electrospin the fibers, it is necessary to supply a high direct or alternative current voltage, 

mostly in the range of 1 to 35 kV [1-3]. Spinneret represents a capillary tube with a needle and is 

connected to a syringe, which holds the polymer solution. It can be both in vertical and horizontal 

arrangements, with the horizontal position being preferred for overcoming gravitational effects. 

Lastly, a collector is used as a substrate on which the electrospun fibers are deposited. A collector 

is mostly a conducting metal sheet. However, this configuration results in random orientation of 

fibers, therefore, other forms of collector arrangement are being used to achieve desired spatial 

alignment, including electrodes, rotating disks, drums etc. [1-3].  
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2.3. Basics of electrospinning  

The mechanism of fiber electrospinning initiation is based on charging of the polymer jet in the 

electric field. In the first stages of the electrospinning process the polymer solution is pumped from 

the syringe to the needle. When a high voltage is applied, solution droplet at the needle tip gets 

electrified and comes to a conical shape. This distortion of the shape happens due to electrostatic 

repulsion forces in a charged solution and is known as a Taylor cone. As the voltage increases, the 

surface tension forces that hold the polymer solution are overcome by the electrostatic forces. The 

Taylor cone is deformed into a polymer jet, which then experiences thinning into a fiber. The 

counter electrode placed some distance apart from the needle attracts this jet. While travelling 

from the tip of the needle to the collector, the solution solidifies and the solvent evaporates, thus, 

a solid fiber is deposited on the collector [1-3].  

 

Figure 2. Instability of the PEO jet at two different capture times a)1/250s b) 18 ns [4] 

As the jet travels further from the needle, the instability region is observed as shown on the Figure 

2 [22]. According to early investigations, the accumulation of surface charges on the jet results in 

the repulsion forces between similarly charged particles and, thus, in the splitting of the jet [23]. 

However, further investigations showed that the region of instability was a single, highly bended 

fiber and was caused by bending instability. Reneker and coworkers modelled the jet as a system 

of dumbbells and explained the bending instability [24]. In another research by Rutledge et al. it 

was shown that the jet can be modeled as an extremely long, slender object [22]. So, even though 

the setup and initiation of the fiber formation are simple, control of the deposition is influenced by 

the bending instability and remains the main challenge in the collection process.  

2.4. Nanocomposites and bio-nanocomposites 

Nanocomposite material is a compound material in which one of the constituent parts has at least 

one dimension in nanometer scale (<100 nm). A composite material has at least two material 

phases, a matrix and a reinforcing phase. The combination of the properties of these two phases 

gives composites better properties compared to a bulk material. The matrix of a composite material 

is responsible for binding the material together, holding the shape, transferring load and protecting 

from environment. Matrix materials are usually ductile and tough. On the other hand, the 

reinforcing phase carries the load and gives the material strength and stiffness [1]. Reinforcing 
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materials come in different shapes, which include spherical particles, rod-like particles, nanofiber 

reinforcing phase, nanotubes and platelets. Nano-reinforcing materials are almost free of defects, 

have high surface area and provide a large matrix-filler interface and, therefore, nanocomposites 

have a distinct advantage over conventional composite materials [1, 2, 7].  

Bio-nanocomposites are a class of nanocomposite materials. Here prefix “bio” suggests that 

inorganic/petroleum-based constituents are exchanged with bio-based, environmentally friendly 

alternatives [7]. Use of bio-based matrix and filler phases could not only meet the emerging 

challenges of climate change and depletion of natural resources, but also find its applications in 

biomedical sciences, where biocompatibility is important [2, 7].  

2.5. Polymer materials for electrospinning 

The most common material class used as a matrix phase is polymers. Both thermoplastic and 

thermosetting polymers can be used for the production of reinforced composite materials. Despite 

the variety of plastics available, not all of them are used for processing, since the compatibility of 

the reinforcing phase and matrix must be considered. Additionally, electrospinning requires well-

dispersed solutions, therefore, the solubility of the polymer is important. Few examples of most 

commonly used polymers for electrospinning are polyethylene oxide (PEO), polystyrene, 

polyvinyl alcohol, cellulose acetate [1].  

2.5.1. Polyethylene oxide (PEO) 

PEO is a synthetic polymer commonly used in electrospinning. Structure of PEO can be 

represented as H−(O−CH2−CH2)n−OH. PEO has excellent water solubility, as well as solubility in 

polar and non-polar solvents, and is insoluble in aliphatic solvents. This thermoplastic polymer is 

supplied in a range of molecular weights. PEO is safe and non-toxic polymer with applications in 

pharmaceutical, cosmetic industries, paper making, textile industry and others [25]. 

2.5.2. Polystyrene  (PS) 

Polystyrene is one of the most used polymers, not only in the field of electrospinning. This 

synthetic thermoplastic polymer is derived from monomer styrene. Glass transition temperature is 

100 ℃, which makes the processing relatively easy. PS is soluble in most of the organic solvents, 

such as DMF, THF, toluene, ethyl acetate, but insoluble in water, hexanes and some alcohols. 

Being a non-degradable material it raises a lot of concerns regarding its use [26].  

2.5.3. Polyvinyl alcohol (PVA) 

PVA is a common polymer to be used in the production of nanosized materials with a general 

structure represented as [CH2CH(OH)]n, schematically PVA structure is shown on the Figure 3.  

 

Figure 3. Schematic representation of the structure of PVA [7] 

PVA has many advantages which include solubility in water, biodegradability, biocompatibility 

and non-toxicity. PVA is a semicrystalline polymer produced by hydrolysis of polyvinyl acetate. 

It has a glass transition temperature Tg=75-90 ℃ and melting temperature Tm=180-190℃ for the 
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partially hydrolyzed grade. It decomposes at temperatures higher than 200℃. PVA has good 

thermomechanical properties with high tensile strength and elasticity [27].  

2.5.4. Cellulose acetate (CA) 

Cellulose acetate is an amorphous polymer derived from its natural precursor – cellulose. CA is 

soluble in many solvents, with very good solubility in acetone and organic solvents. Glass 

transition temperature of CA is 60-100 ℃. This material is biobased and potentially renewable, 

can be biodegraded in active soils. CA has found its application in textile industry, photography, 

packaging, automotive industry and others [28].  

2.5.5. Gelatin 

Gelatin is a natural polymer derived from collagen. This biobased polymer is commonly used in 

medical applications due to its biocompatibility and biodegradability. However, processing of 

gelatin is an ambiguous task, as it gelates at room temperatures and can be dissolved in water at 

temperatures above 37 ℃. To successfully electrospin gelatin into fibers, blending with other 

polymers is done [2]. 

2.5.6. Chitosan 

Chitosan is another natural polymer that is used in electrospinning. Being a naturally derived 

material, it is biocompatible, biodegradable and could be used in biomedical sciences and cosmetic 

industry. Chitosan is water-soluble, however, electrospinning of it has met many challenges and 

traditionally it was electrospun by blending with other polymer materials [2]. 

2.6. Cellulose and nanocellulose 

Cellulose is a natural polymer, which is essentially a polysaccharide. Being the most abundant 

natural polymer, it possesses a great potential for future applications. Cellulose is a renewable, 

almost inexhaustible, source, which is present in all higher plants, some of the algae, marine 

organisms, bacteria and fungi [4]. The basic structural unit of cellulose is cellulose microfibril, 

which then aggregates into cellulose fibers embedded in a matrix of lignin and hemicellulose. The 

schematic representation of the structural organization of cellulose is shown on the Figure 5 [4, 7].  

The basic structure of cellulose represents a β-D-glucopyranose units linked together by β-1-4-

linkages with a repeating unit known as a cellobiose. As it can be observed from the chemical 

structure of cellulose on the Figure 4, each molecule of cellulose is asymmetric with nonreducing 

pendant hydroxyl group at one end and chemically reducing functionality (i.e. hemiacetal unit) on 

the other. The degree of polymerization (DP) can be up to 20 000 depending on the source of 

cellulose [8-9].  

 

Figure 4. Chemical structure of cellulose 
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Figure 5. Structure of cellulose cell wall and fibrillar organization [11] 

Cellulose has crystalline regions with inclusions of amorphous regions of low crystallinity. 

Generally, there are two polymorphs of cellulose: natural cellulose, or cellulose I, and cellulose II, 

which is regenerated cellulose obtained by precipitation from alkali solutions. Cellulose I, 

crystalline polymorph, can be degraded to nanocellulose and used as a reinforcing nanofiller. 

Cellulosic nanoparticles are divided into two major groups: cellulose nanocrystals (CNCs) and 

microfibrillated cellulose (MFC) [6, 7].  

CNCs can be isolated from cellulose via acid hydrolysis. In this process disordered amorphous 

regions of cellulose are selectively hydrolyzed, while crystalline regions that have higher 

resistance to acid remain not hydrolyzed. In this process, rod-like structures, named cellulose 

nanocrystals, are manufactured [8]. Having high mechanical strength, good thermal properties 

CNCs are perfect reinforcing agents that have found many applications in the field of 

nanocomposites [7]. 

MFC are extracted from cellulose by homogenization process. Homogenization is a process of 

mechanical disintegration of cellulose into its constituent fibers. MFC have moderate expansion 

of volume and high expansion of surface. Cellulose microfibrils are larger in size than CNCs with 

lateral dimensions of 10-100 nm and length of few micrometer. MFC contain both amorphous and 

crystalline phases [7].  

2.7. Effect of parameters 

Electrospinning is a complicated process and is influenced by a variety of parameters. Generally, 

these parameters can be subdivided into three main categories: solution parameters, processing 
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parameters and ambient parameters. Among solution parameters are viscosity, concentration and 

molecular weight of the polymer, conductivity and surface tension. Processing parameters include 

applied voltage, tip to collector distance and feed rate of the solution through the syringe. Lastly, 

ambient conditions are temperature, pressure and humidity. The effect of each of the listed 

parameters is summarized in the Table 1 [1-3]: 

Table 1. Parameters influencing electrospinning process and their effects (Table taken from 

Reference [2]) 

 Effect of parameters on fiber morphology 

Solution parameters 

Viscosity Low-beads generation, high-increase in fiber diameter, disappearance of beads 

Polymer concentration Increase in fiber diameter with increase of concentration 

Molecular weight of 

polymer 

Reduction in the number of beads and droplets with increase of molecular 

weight. 

Conductivity Decrease in fiber diameter with increase in conductivity 

Surface tension 
No conclusive link with fiber morphology, high surface tension results in 

instability of jets. 

Processing parameters 

Applied voltage Decrease in fiber diameter with increase in voltage.  

Distance between tip 

and collector 

Generation of beads with too small and too large distance, minimum distance 

required for uniform fibers. 

Feed rate/Flow rate 
Decrease in fiber diameter with decrease in flow rate, generation of beads with 

too high flow rate. 

Ambient parameters 

Humidity  High humidity results in circular pores on the fibers.  

Temperature  Increase in temperature results in decrease in fiber diameter. 

 

2.7.1. Viscosity  

Viscosity is a physical quantity measuring the resistance of a liquid to a shear flow. Normally, 

when a shear force is applied, the material will start to flow. The shear force 𝑓 required to move 

one plane relative to another is related to the rate of shearing through a proportionality factor 

viscosity η: 

𝑓 = 𝜂
𝑑𝑠

𝑑𝑡
 

where 𝜂 is viscosity and 𝑑𝑠/𝑑𝑡 is shear rate. 

Viscosity has a pronounced effect on the fiber diameter and morphology. At too low values of 

viscosity beads formation might occur, or even electrospraying instead of electrospinning will take 

place. Researchers have reported different values of viscosity at which the electrospinning occurs, 

ranging from 1 to 215 poise [1-3, 8].  
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2.7.2. Polymer concentration 

Another important solution parameter is the concentration of the polymer in the solution. An 

optimum polymer concentration is required for electrospinning. At a lower borderline of 

concentration beads are formed and as the concentration increases spindle-like beads and then 

continuous fibers are electrospun. However, at too high concentrations, the fiber formation is not 

continuous and the diameter increases. Therefore, there exists a range of concentrations within 

which the fiber formation occurs: at a lower concentration beads are forming and high 

concentrations result in non-continuous electrospinning. Together with molecular weight, 

viscosity and surface tension, concentration is one of the determining parameters of the 

electrospinnability of the solution. The range of concentrations varies depending on the polymer 

and solvent system [1-3].  

2.7.3. Molecular weight 

The molecular weight of the polymer has a pronounced effect on the morphology of the 

electrospun fibers, as it affects the rheology and electrical properties of the solution. Higher 

molecular weight is desirable since it allows enough chain entanglement, therefore, even at lower 

concentration it is possible to obtain electrospinnable solution. Low molecular weight polymer 

based solutions are prone to bead formation, whereas high molecular weight might result in higher 

diameter and non-continuous process [1-3]. 

2.7.4. Conductivity 

The jet formed under the applied voltage is highly influenced by the charged ions in the solution. 

The conductivity of the solution is dependent on the polymer used, solvent and presence of 

ionizable salts. Higher conductivity results in the decrease of the polymer fiber diameter. Low 

conductivity will influence the jet formation hindering elongation and leading to the formation of 

defects in the fibers, such as beads. The conductivity could be increased through the addition of 

ionic salts, such as KH2PO4, NaH2PO4, and NaCl [1-3]. 

2.7.5. Applied voltage 

Electrostatic voltage is the main parameter in the electrospinning process, as the application of 

sufficient voltage is crucial for the jet formation and initiation of the electrospinning process. 

Higher voltage results in the higher repulsive force due to increased electric field and leads to 

narrowing of the polymer jet. Therefore, it is expected that the fiber diameter is inversely 

proportional to the electric field and decreases with application of a higher voltage. But increase 

of voltage has its limits and at too high voltages process is non-continuous. Also, it has been argued 

that higher voltage results in a formation of beads [1-3]. 

2.7.6. Solution feed rate 

Solution feed rate is an essential parameter identifying the rate of transfer of material to the tip of 

the needle. For a certain solution at a given electric field there exists a solution feed rate required 

for maintenance of a stable Taylor cone. At a higher feed rate the fiber diameter is increased due 

to a larger amount of material. In addition, for a stable, uninterrupted electrospinning process the 

material should be supplied at the same rate as it is processed. Thus, a lower feed rate is desirable 

since a lower volume of solvent needs to evaporate. This avoids the excess of solvent on fibers 

and fusing of fibers together [1-3].  



 

18 
 

2.7.7. Tip to collector distance 

The distance between the tip of the needle and the collector has a direct influence on the fiber 

morphology as it affects the electric field strength applied. The insufficient distance will hinder 

the complete evaporation of the solvent from the surface of a newly formed fiber and this may 

result in merging of the fibers due to residual solvent on the surface and lead to an interconnected 

network as shown on the Figure 6 [1, 9]. 

 

Figure 4. Deposition distance controls morphology: (a) deposited at 2.0 cm, resulting in round 

fibers, (b) deposited at 0.5 cm, resulting in flat fibers [9] 

Increasing the tip to collector distance is expected to increase the fiber diameter due to the decrease 

in the electric field strength [3]. Thus, there’s an optimum value of the distance at which the fibers 

of good quality and desired morphology are obtained.  

2.7.8. Ambient parameters 

Humidity 

Humidity may influence the electrospinning process, since it is directly related to the rate of 

solvent evaporation. Increased humidity might result in the pores on the surface of the fiber due to 

condensation of water vapor from the air. But very low humidity might lead to excess evaporation 

of the solvent, and result in clogging of the needle [2].  

Temperature 

Temperature has a direct influence on the viscosity of the solutions: increase in temperature 

decreases the solution viscosity. Low viscosity yields fibers with a lower diameter as it has been 

shown by Uppatham et al. (2004) on the example of polyamide-6 fibers. At increased temperatures 

bead formation may be initiated, if the viscosity drop is significant [2].  

2.8. Uniaxial alignment of fibers 

Fibers are highly anisotropic, which means that the properties, including mechanical, thermal and 

optical, are dependent on the orientation relative to the length of the fibers. This becomes important 

for controlling and predicting the behavior of the material, when fibers are assembled into 

structures, such as membranes. As it was outlined above, electrospun fibers are subject to high 

bending instability, which makes the control of the orientation a significant challenge [23, 24]. A 

number of researchers have attempted to produce highly aligned fiber membranes through the 

collector modifications and the approaches can be generally divided into two main categories: 
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1. Use of a rotating drum/frame as collector 

2. Use of a pair of split electrodes as a collector 

Alignment of the fibers in these collector modifications occurs under the action of the modified 

electric field. By controlling the direction of the electric field lines, the fiber deposition is also 

controlled. Possible configurations of the electric field lines are presented on the Figure 7. In the 

case of a plate collector (Figure 7a), electric field lines are distributed evenly across the surface of 

the collector. This collector system can be achieved through use of flat plate or cylinder. 

Concentrating electric field lines as shown on the Figure 7 b and c allows orienting fibers in a 

predetermined direction. This can be accomplished through the use of knife edge disks, thin wires, 

thin plates and others [14]. These methods of alignment will be discussed in more detail further.  

 

Figure 5. Different configurations of electric field lines [14] 

 

2.8.1. Use of a rotating drum/frame as collector 

The most basic and straightforward technique to control the fiber alignment is use of a rotating 

mandrel for collecting the as-spun fibers as shown on the Figure 8.  

 

Figure 6. Rotating cylinder used as a collector for fibers [3] 

Fibers are mechanically winded on the surface of a rotating cylinder. The rotation of the mandrel 

should be selected in a way that the material is collected at the rate it is supplied. The speed of 

rotation measured in rpm is also called an alignment speed. If the alignment speed is low, the 

collection of the fibers is not consistent with the deposition speed and no alignment is achieved. 

Too high value of rotational speed will result in over-stretching of fibers and even breaking. The 
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alignment speed ranges from few hundred to several thousands of rpm and is dependent on the 

polymer solution. As the electrospinning proceeds, more fibers are deposited and the accumulation 

of charges occurs, which results in the repulsion of the fibers from each other and loss of alignment 

[3, 10-12].  

One of the early works on aligning electrospun fibers using rotating mandrel was attempted by 

Kim and Reneker in 1999 [11]. However, SEM micrographs showed a low spatial alignment of 

the fibers as on the Figure 9.  Despite the random appearance on the image, the mechanical testing 

of these nonwoven mats has shown that most of the fibers were deposited in the winding direction 

[11].  

 

Figure 7. Random alignment of PBI fibers electrospun on a rotating cylinder [11] 

Sundaray and coworkers (2004) have also attempted to collect aligned electrospun fibers using a 

rotating drum. Using polystyrene PS (Mw=250 000) and polymethylmethacrylate PMMA 

(Mw=120 000) solutions, fibers were electrospun at a relatively low applied voltage of 5 kV. The 

collector drum was rotating at a speed of 2000 rpm. Long fibers with a diameter ranging from 1 to 

10 μm were well aligned. The crossbar configuration (Figure 10) has been achieved by rotating 

the mandrel 90 degrees relative to the initial spinning direction [12]. 

 

Figure 8. SEM pictures of polystyrene fibers [12] 
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2.8.2. A Knife Edge Disk 

Another approach to alignment of the fibers is to direct the electrostatic field lines to the edge of 

the knife disk. By rotating the disk at the sufficiently high speed (typically in the range of 1000 

rpm) it is possible to achieve a high degree of alignment. In this case the width is less than for 

rotating drum and, thus, electric field lines are concentrated over a smaller area [3, 10, 13-14].  

This technique has been successfully employed in the work of Theron, Zussman and Yarin (2001) 

in which polyethelene oxide fibers were electrospun. The wheel-like bobbin was used as a 

collector with a constant speed of rotation of 1070 rpm. It has been observed that the fibers are 

well aligned, however, the degree of alignment and density of deposition decreased further away 

from the edge of the disk. Another significant drawback of this method is relatively small width 

of the membrane [13].  

In the further work, the approach has been extended to the formation of the cross-bars. In this 

setup, the rotating disk was coupled with a rotatable table. Double- and triple crossed aligned fibers 

as shown on the SEM images (Figure 11) were produced by rotating the stage perpendicularly to 

the previous collection direction [14]. 

 

Figure 9. Scanning electron micrograph of crossed arrays of PEO-based nanofibers collected on 

an aluminum table [14]. 

2.8.3. Wired drum 

Wired drum represents a modification of the rotating drum setup, in which an array of equally 

interspaced wires is winded across the cylinder surface as shown on the Figure 12a. This 

modification utilizes the advantage of edge knife collector by concentrating the electric field lines 

to almost a point [10]. The main disadvantage of disk collector, the small area coverage, is 

overcome by using cylinder [13-14]. This method was proved to result in high degree of alignment 

(Figure 12b), but the thickness of the membrane is low due to fiber charging effects [10]. 

 

Figure 10. a) Insulating drum covered with copper wires b) aligned polymer fibers on wired 

drum [19] 
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2.8.4. Pair of split electrodes as the collector 

This approach is also based on the interaction of the charged polymer jet with electrostatic field. 

If two electrodes are placed under the tip of the needle at some distance apart, the electric field 

lines will point towards the electrodes in the gap as shown on the Figure 13 a and b. The traveling 

jet will align itself in the gap between two electrodes in the direction of electric field lines [3, 10, 

16].  

 

Figure 11. a) Schematic illustration of the setup with two conductive silicon plates used as a 

collector b) Electric field lines calculated for the parallel electrodes [16] 

The advantage of the method is that it is easier to install and manipulate compared to the rotating 

drum or disk, additionally, the deposited membranes are easier to remove and handle for further 

investigation [16].  

In the work of Li et al. (2003) the above-described technique has been used to uniaxially align 

electrospun fibers of poly(vinyl pyrrolidone) (PVP). Two conductive silicon electrodes placed at 

1 cm distance were used as a collector [16].  

The work by Li et al has been further extended to achieve different spatial alignments including 

biaxial and triaxial. This was achieved through use of patterned gold electrodes attached to an 

insulating substrate. By consecutive grounding of the pair of electrodes (for example 1 and 3, 2 

and 4) the desired pattern was achieved. As it is shown on the Figure 14 (a and b) the use of four 

electrodes allows biaxial alignment of the fibers. Furthermore, use of six electrodes allows the 

achievement of triaxial alignment of the electrospun fibers as shown on the Figure 14 (c and d)[17].  
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Figure 12. a, c) Schematic illustration of the electrode patterns b) Optical micrograph of the 

fibers deposited on (a) d) Optical micrographs of the fibers deposited on (c) [17] 

2.9. Alignment of reinforcing particles in the fiber 

Alignment of the polymer chains and reinforcing agents along the fiber contributes to the strength 

of the fiber. Chen et al. (2009) have shown that polyimide PI fibers reinforced with multiwall 

carbon nanotubes show a good alignment of the reinforcing phase along the length of the fiber. 

The main reasons for the CNT alignment were suggested to be the high shear forces, electrostatic 

forces and, possibly, the nano-confinement effects. Also, it was proven to be important to disperse 

the reinforcing phase evenly in the solution and avoid agglomeration [29].  Dong et al. (2011) have 

successfully aligned CNCs in PMMA electrospun fibers and came to similar conclusions regarding 

the nature of this alignment [30]. Huan and coworkers (2015) showed that PS/CNC nanofibers can 

be electrospun with good alignment of CNCs along the fibers and with increasing CNCs loading 

the crystallinity and orientation were shown to increase [31]. 

However, no comprehensive study on the alignment of CNCs within the matrix in electrospun 

fibers was available to date. Most of the studies of the alignment of CNCs in electrospun fibers 

use AFM and TEM images as an evidence of preferred orientation [1, 30, 31]. Chen et al. (2014) 

showed that CNCs are capable of self-alignment in dry-spun cellulose-cellulose acetate fibers. It 

was reported that degree of alignment increases with increasing CNCs to CA ratio up to a threshold 

value of 37% of CNCs, higher values of CNCs loading showed no improvement or decrease of 

alignment [32]. Wanasekara et al. (2015) studied alignment of CNCs inside poly(vinyl) alcohol 

(PVA) or polystyrene (PS) matrix. PVA/CNC and PS/CNC oriented fibers were produced with 

two different CNC loadings: 10 and 20%. Polarized Raman spectroscopy and TEM were used to 

study the orientation of CNCs inside the fibers. Polar plots of Raman bands (Figure 15) show 

almost circular shape indicating no alignment of CNC, which contradicted results of previous 

researchers [34].  
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Figure 13. Polar plots of the normalized intensity of the Raman band located at ~1095 cm-1 as a 

function of rotation angle of the polarization with respect to the fiber axis showing the 

orientation of CNCs in composite nanofibers of PVA/CNCs c 10 %, d 20 % [34]. 

2.10. Electrospinning of PVA 

PVA is one of the common polymers used in electrospinning process [3]. However, PVA-CNC 

system was not researched extensively and few papers are dedicated to the study of the properties 

of PVA fibers reinforced with CNCs. Table 2 below summarizes some of the notable studies on 

electrospinning of PVA reinforced with nanocellulose.  

Table 2. Some works on electrospinning PVA/cellulose systems 

Reference Solutions used Main results 

Peresin et al., 

2010 [34] 

PVA/CNC aqueous system 

PVA of DH=88 and DH=98 

PVA concentration 7 wt% 

CNC loading relative to PVA: 

0, 5 and 15% 

A significant increase of storage 

modulus E’ due to increased 

crystallinity was observed for fibers 

containing 15% of CNC’s compared to 

fibers composed of PVA only. E’ for 

CNC content 0% was 15.45 MPa, while 

for CNC content 15% value of 57.30 

MPa was achieved. No alignment of the 

fibers.   

Sutka et al., 2013 

[35] 

PVA/CNF aqueous system 

PVA concentration 8wt% 

Cellulose nanofibers (CNF) 

from two different sources 

(hemp and shives) 

CNF content: 1 and 2% 

relative to PVA 

The viscosity of the solution increases 

with the addition of CNF. SEM studies 

of the morphology of the fibers revealed 

smooth surface independent of the 

composition with a remarkable decrease 

of fiber diameter with addition of 

CNF’s. No alignment of the fibers   

Peresin et al., 

2014 [36] 

PVA/CNC aqueous system 

PVA concentration 7 wt% 

CNC loading relative to PVA: 

15% 

Esterification with maleic acid. The 

structural change and mechanical 

properties of cross-linked PVA/CNC 

membranes were studied. Significant 

improvement of mechanical properties 

along with resistance to solvents, most 

remarkably, water insolubility could be 

achieved through cross-linking. No 

alignment of the fiber. 
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Wanasekara et al., 

2015 [37] 

PVA/CNC aqueous and 

PS/CNC in DMF systems 

PVA conc: 8 wt% 

PS cont.: 25 wt% 

CNC content: 10, 20% 

 

Polarized Raman spectroscopy and 

TEM have been used to study the 

orientation of CNCs inside the fibers. 

Fibers were aligned using rotating 

drum. It has been identified that in 

contradiction to other research works, 

increased macroscopic orientation of 

fibers does not result in the alignment 

of CNCs inside the fibers 

 

2.11. Characterization  

Since the electrospinning of a single fiber is a tedious task, which is rarely accomplished, studies 

on a single fiber are limited. Therefore, characterization of the electrospun fibers is generally 

performed on few fibers or membranes consisting of a large amount of fibers. The range of 

characterization techniques varies from imaging techniques to studies of the molecular interactions 

[1].  

2.11.1. Microscopy 

Microscopic techniques are used to study sizes, size distribution, morphology and alignment of 

the fibers. Most useful techniques are optical microscopy (OM), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). Optical 

microscopy results in a low magnified image but is useful for preliminary characterization of the 

fiber formation, fiber distribution and spatial alignment [1]. Optical microscopes equipped with a 

CCD camera allow imaging of the fibers. Microscopes with a polarizer could be used to detect the 

presence of chiral molecules such as cellulose nanocrystals [32].  

SEM is a useful technique for imaging and detecting the diameters and morphology with a 

resolution of up to nanometer scale. However, when ultra-fine surface morphologies or reinforcing 

agents (oxide nanoparticles, carbon nanotubes or cellulose nanocrystals) are present, the challenge 

of imaging such features arises due to resolution limitations. Another problem encountered in SEM 

is fiber damage by the electron beam. Also, non-conductive fiber does not effectively dissipate the 

electrons and charging occurs, which deteriorates the image quality [1].  

TEM and its modifications allow much higher magnifications and were extensively used not only 

for imaging ultra-fine fibers, but also for studying the fiber surface morphologies and 

presence/distribution of reinforcing elements [1]. Wanasekara et al. (2015) used microtomed 

sections of fibers to study the CNCs distribution in fibers with TEM [33]. Peresin et al. (2010) 

used cryo-TEM to image CNCs [34].    

AFM is also a powerful technique for imaging and determining the fiber diameter, being especially 

useful for morphology studies of the fibers, such as pore structure and pore size [1, 37]. 

2.11.2. X-Ray Diffraction 

Spatial alignment of the CNCs in the fibers and crystallinity can be studied using X-Ray diffraction 

techniques, which include both wide angle XRD and small angle (WAXS and SAXS). In a typical 

XRD experiment, a rotating specimen is subjected to the beam of X-Ray, the amplified X-Ray 

intensity at each rotation is plotted against the double incidence angle. This approach allows 
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determining the crystallinity and quantifying the degree of crystallinity. Another approach to XRD 

data collection is a collection of two-dimensionally spatially resolved data, which, in addition to 

data regarding the crystallinity of the material, can reveal the extent of ordering of molecules in 

the fibers [1, 32].  

Fennessey and Farris (2004) determined the degree of orientation of polyacrylonitrile fibers 

aligned using rotating cylinder as a collector from 2D WAXD patterns (Figure 16). In this study, 

a higher degree of spatial alignment was also related to the better alignment of polymer molecules 

[38].  

 

Figure 14. WAXD of electrospun polyacrylonitrile nanofibers collected by a rotating drum with 

a surface velocity of (a) 0 m/s, (b) 3.5 m/s, (c) 6.1 m/s, (d) 8.6 m/s (e) 9.8 m/s, (f) 11.1 m/s and 

(g) 12.3 m/s [38] 

The presence of brighter arc in the XRD pattern is a strong indication of the ordering of the 

molecules.  Herman’s orientation factor is used as a measure of the degree of orientation and could 

be found using the following formulas adopted from Ureña-Benavides and Kitchens [39]: 

𝑆 =
1

2
(3〈𝑐𝑜𝑠2𝜙𝑐,𝑧〉 − 1) 

where 𝜙𝑐,𝑧 is the angle formed between c axis of the cellulose unit cell and the fiber axis; 𝑐𝑜𝑠2𝜙𝑐,𝑧 

in the equation above can be found using: 

〈𝑐𝑜𝑠2𝜙𝑐,𝑧〉 = 1 − 2〈𝑐𝑜𝑠2𝜙200,𝑧〉 

where 〈𝑐𝑜𝑠2𝜙200,𝑧〉 =
∫ 𝐼(𝜙)𝑠𝑖𝑛𝜙𝑐𝑜𝑠2𝜙𝑑𝜙

𝜋
0

∫ 𝐼(𝜙)𝑠𝑖𝑛𝜙𝑑𝜙
𝜋

0

, where 𝜙200,𝑧 is the angle between (200) plane and the 

fiber axis.  

2.11.3. Polarized FT-IR 

Polarized FT-IR is another technique used to study the orientation of the crystals inside the fibers. 

In a polarized FT-IR sample interacts with light that has been polarized at a certain angle. The 

technique employs the property of anisotropic materials known as dichroism, when light having 

different polarizations is absorbed in different amounts. This gives the difference in the intensity 

of absorbance peaks at different angles of polarization. Crystal orientation is found from the 
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spectra obtained at perpendicular and parallel polarization of the incoming light. The peak 

absorbance intensities at two mutually perpendicular polarizations are expected to vary for an 

oriented material, whereas no intensity difference is observed for a random. The extent of 

alignment is studied using the dichroic ratio, which is the ratio between intensities of the light 

polarized parallel and perpendicular to the fiber direction [40-41].   

2.11.4. Tensile testing 

Mechanical properties of the fibers are of crucial importance, especially in structural, load-bearing 

applications. Mechanical properties can be studied using tensile testing. The most common type 

is the uniaxial tensile testing. Mechanical testing can be conducted on single fibers, as well as 

electrospun membranes and bundles of fibers. Other approaches to mechanical testing include 

nanoindentation tests using AFM tips, three-point and two-point bending test, resonance frequency 

method performed on a single fiber. But due to the high variance of properties from fiber to fiber 

these techniques are not commonly employed [21].   
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3. Objective 

The objective of this project is to study the alignment of CNCs within PVA in composite fibers 

produced by electrospinning. Literature research shows that macroscopic alignment can be 

achieved by modifying the direction of the electric field. Charged molecules and particles within 

the jet, are expected to also follow the electric field lines and get aligned. This microscopic 

alignment inside the fibers is to be studied in this work. Specific aims of the project are to: 

• Optimize electrospinning process for PVA/CNC system with maximum CNC loading 

• Study alignment of the fibers using 4 different collector types (flat collector, rotating 

drum, wired drum and parallel electrodes) 

• Study mechanical properties of aligned fibers (tensile testing and DMA) 

• Study the orientation of CNCs inside the fibers (with 2D XRD and polarized FT-IR) 

• Analyze effect of macroscopic fiber alignment on the orientation of CNCs inside the 

fibers 
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4. Experimental procedure 

4.1. Material 

4.1.1. Cellulose nanocrystals 

CNCs were isolated from microcrystalline cellulose using the acid hydrolysis process. To perform 

the acid hydrolysis 120 g of cellulose was added to 598 mL of DI water and put on a magnetic 

stirring. 602 ml of sulfuric acid was added dropwise while keeping the cellulose/water mixture on 

an ice bath. After the addition, the mixture was heated to 45 ℃ and kept for 130 min. Excess DI 

water was added to arrest the hydrolysis. Finally, centrifugation was performed to exchange acid 

with DI water. Finally, dialysis against neutral water was performed for at least 7 days to remove 

free acid molecules. The suspension was then sonicated in 2 kW Qsonica ultrasound sonicator and 

kept in the refrigerator prior to use. Thus, produced CNCs produced are reported to have an 

average diameter 5 to 10 nm and length of 150 to 200 nm with sulfate functional groups [7]. CNCs 

were freeze-dried for 60 h using Alpha Christ 1-2 LD Plus freeze dryer.  

4.1.2. Poly(vinyl) alcohol (PVA) 

PVA with average MW=72 000 Da and degree of hydrolysis 98% was purchased from Sigma 

Aldrich. PVA was used as received. 

4.1.3. Solvent 

DI water was used as a solvent for all solutions. 

4.2. Solution preparation 

First, to obtain the viscosity range in which the fiber formation is possible, aqueous solutions with 

PVA concentration from 4 to 16 wt% (with an increase step of 2%) were prepared. To prepare the 

solution,the  measured weight of the polymer was added to the DI water under stirring. The mixture 

was kept at 60 ℃ under vigorous stirring overnight. Table 3 below shows the summary of the 

compositions of the solutions containing only PVA: 

Table 3. Compositions of PVA solutions 

Solution PVA content, 

wt% 

DI water 

content, wt% 

6PVA 6 94 

8PVA 8 92 

10PVA 10 90 

12PVA 12 88 

14PVA 14 86 

16PVA 16 84 

During the next step, CNCs were added to the solutions in 10, 20 and 30 wt% relative to PVA. A 

summary of all the solutions prepared is shown in the Table 4 below: 
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Table 4. Solutions prepared with CNC addition 

Solution Total 

polymer 

content 

PVA:CNC 

ratio 

DI water 

content, wt% 

10PVA-CNC10 10 90:10 90 

10PVA-CNC20 10 80:20 90 

12PVA-CNC20 12 80:20 88 

14PVA-CNC20 14 80:20 86 

14PVA-CNC30 14 70:30 86 

 

To prepare the solution, a required amount of freeze-dried CNCs were re-dispersed in water using 

ultrasonicator Qsonica for 10 min. Then, a premeasured amount of PVA powder was added to 

CNCs suspension under stirring and the mixture was stirred overnight at 60 ℃. A schematic 

process for solutions preparation is shown on the Figure 17. 

 

Figure 15. Schematic process of solution preparation 

 

4.3. Electrospinning 

Electrospinning of fibers was performed using a vertical set-up from YFlow equipped with a high-

voltage supply and a plastic syringe (10 ml Plastipak Syringe with Luer Lock tip from BD, USA) 

connected to a needle through a silicone rubber hose (Figure 18). The electrospinning was 

performed at optimized parameters which are summarized in Table 5 in Results and Discussions.  
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Figure 16. Yflow electrospinning setup 

Based on the previous research four different collector types were chosen for electrospinning: flat 

collector and rotating drum, customized setups for wired drum and pair of electrodes were 

developed. For the wired drum copper wires with a diameter 1.2 mm were put on a surface of a 

drum collector at an equal distance of 1 cm. The surface of the cylindrical collector was covered 

with an insulating layer of polystyrene sheet prior to attachment of wires. Two strips of aluminum 

foil were placed at a preselected distance on a sheet of insulating material and fibers were collected 

in the gap between foil stripes. Figure 19 (a, b, c and d) shows the images of the four collectors 

used in the experiment.  

 

Figure 17. Collectors used for electrospinning process a) flat collector b) rotating drum 

collector c) wired drum d) pair of electrodes separated by an insulating gap 

4.4. Characterization techniques 

4.4.1. Solution properties 

The viscosity of the solutions was measured using Anton Paar Physica MCR301 rheometer. The 

rheometer was run in the rotational mode with CP25 accessory (d=0,05 mm). Three runs were 

done for each measurement.  

The conductivity of the solutions was measured at a room temperature using Metler Toledo InLab 

738 conductivity meter (the results are presented in the Table 5 and 6). Conductivity measurements 

were performed for solutions brought to a common pH of 5,5.  
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Flow birefringence was studied using a simple setup consisting of a light source, two cross-

polarizers and a solution put under magnetic stirring. The image of a solution under polarized light 

was captured using a digital camera. The flow birefringence of CNCs dispersion in water was used 

as a reference.  

4.4.2. OM 

Optical microscopy studies were performed during the process optimization step to get the 

overview of the electrospun fibers and their spatial orientation. OM was performed using Nikon 

Eclipse FN1 microscope equipped with a digital camera. Fibers for OM were collected on a glass 

cover slides during a short collection time (1 min for a flat collector and parallel electrodes 

collectors, 5 min for a rotating drum and its variations).  

4.4.3. Polarized optical microscopy 

Polarized optical microscopy was used to study the birefringence of the fibers. Birefringence of 

the fibers confirms the presence of CNCs and their distribution in the fibers. POM was performed 

using Nikon Eclipse LV100NPOL (Kanagawa, Japan) microscope equipped with a polarizer.  

4.4.4. Scanning electron microscopy (SEM) 

The morphology and macroscopic alignment of electrospun fibers were studied using scanning 

electron microscope Jeol JSM-7401F at an acceleration voltage of 5 kV and table-top scanning 

electron microscope Hitachi TM300 at an accelerating voltage 15 kV. The samples were mounted 

on a sample holder using double-sided carbon tape and sputter-coated with gold particles for 40 

seconds at 40 mA. The fiber collection time for all samples was limited to 45 min for all collector 

configurations.  

4.4.5. Tensile testing 

Tensile testing was carried out using Shimadzu universal tensile testing unit AG-X series loaded 

with a 1000 N cell. All experiments were carried out with 0.01 N preload at a constant crosshead 

speed of 2 mm/min with the initial grip separation of 20 mm. Tests were performed at atmospheric 

conditions at room temperature and relative humidity of air 50%. The obtained stress-strain curves 

were used to find out the values of tensile strength, maximum strain and Young’s modulus.  

Samples were cut into small rectangular pieces from an electrospun membrane whenever possible, 

i.e. membrane of random fibers collected on a flat collector and fibers aligned using rotating drum. 

In case of parallel electrodes, no thick membrane of aligned fibers can be produced. It has been 

noticed that increase in collection time results in the partial loss of alignment. The threshold time 

for collection of aligned fibers does not result in a tangible thickness of the mat. Therefore, it was 

decided to keep the collection time as 30 min and combine the collected fibers into bundles of 

fibers. To collect the fibers into a bundle, the glass slide was moved across the gap from one side 

of it to another and fibers were deposited onto a glass slide [43]. The process of bundle collection 

and the bundle formed are shown on the Figure 20.  



 

33 
 

 

Figure 18. Fiber bundle preparation from fibers collected on parallel electrodes a, b) schematic 

representation of the fiber bundle preparation steps [43] c) bundle of PVA fibers collected 

Eight sets of samples were prepared in total, pristine PVA fibers as a reference and fibers with 

CNCs. For each sampl,e 5 specimens were tested and the average value was taken as a 

representation of the whole batch. Width and length of the samples were measured using VWR 

traceable digital caliper with an accuracy of measurements up to 0.01 mm; thickness of the 

membranes was measured using table-top SEM Hitachi TM3000. Thickness of the bundles of 

fibers cannot be measured directly since every bundle of the fibers is unique. Therefore, indirect 

measurement method was employed and the cross-sectional area of the fiber bundle was obtained 

from the known weight of the bundle, density and dimensions in the following way: 

𝐴𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 =
𝑚𝑏𝑢𝑛𝑑𝑙𝑒

𝜌𝑙
 

Where 𝐴𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 – cross-sectional area of the bundle of fibers 

 𝑚𝑏𝑢𝑛𝑑𝑙𝑒 – mass of the bundle of fibers 

 𝜌 – density of the fibers 

 𝑙 – length of the bundle of fibers 

Few assumptions have been made in this calculation: 

• Fibers are uniform and the density of the fiber is the density of the materials used for 

fiber formation, PVA and PVA-CNC in this case 

• Fibers are perfectly aligned along the length of the bundle 

• Fiber distribution along the length of the bundle is uniform 

Measuring the weight of the fibers accurately was another challenge faced during the sample 

preparation, because analytical scales available have the accuracy of measurements to 0.1 mg. 

However, it turned out that bundle of fibers electrospun from PVA-CNC solution had the weight 

between 0.1 to 0.2 mg and, thus, more accurate weighing was required. To resolve this challenge 

Perkin Elmer TGA 7 testing machine was used for weighing the samples. Weighing unit inside 

TGA testing machine has an accuracy of measurements up to 0.1 μg, which suited the case.  

All samples were conditioned for at least 48 h prior to the test in a desiccator with a constant 

relative humidity of 50%.  

Finally, the cut and measured samples for tensile testing have been mounted on a paper clip in the 

form of a rectangle with a rectangular hole the middle as shown on the Figure 21 below: 
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Figure 19. Sample for tensile testing a) mounted on a paper window b) during tensile testing 

The sample has been mounted in a tensile machine via clamping both ends of the sample holder, 

the sides of the paper holder have been cut.  

4.4.6. Micromechanical modeling 

The elastic modulus of CNCs reinforced composite fibers can be predicted using the rule of 

mixtures, Halpin-Tsai equation and Cox model. In these models, each fiber is considered as a 

composite material reinforced with short fibers, CNCs.  

Rule of mixtures assumes that reinforcing phase is continuous and evenly dispersed in the material 

with a perfect alignment either along the length of the fibers or perpendicular to the fiber direction. 

Elastic modulus can be calculated using Equation 1 and 2 with 𝑣𝑓 volume fraction of reinforcing 

phase, 𝐸𝑓 elastic modulus of CNCs and 𝐸𝑚 elastic modulus of matrix, PVA. 

𝐸 = 𝑣𝑓𝐸𝑓 + (1 − 𝑣𝑓)𝐸𝑚 (Equation 1) 

𝐸 =
𝐸𝑓𝐸𝑚

𝑉𝑓𝐸𝑓+(1−𝑉𝑓)𝐸𝑚
 (Equation 2) 

Halpin-Tsai equation is an analytical form of Hill’s generalized model for composite modulus and 

can be represented by Equation 3. Halpin-Tsai model considers aspect ratio of the reinforcing 

phase through introducing 𝐿 𝐷⁄  which is the ratio between length 𝐿 and diameter 𝐷 of CNCs [32, 

33].  

𝐸 = 𝐸𝑚
1+2(𝐿

𝐷⁄ )𝜂𝑣𝑓

1−𝜂𝑣𝑓
 (Equation 3) 

with 𝜂 =

𝐸𝑓

𝐸𝑚
−1

𝐸𝑓

𝐸𝑚
+1

 

Next, Cox’s model additionally considers the orientation of the reinforcing phase by introducing 

orientation factor 𝜂0. Modified Cox’s equation for elastic modulus is given by the Equation 4 [32, 

33, 42]. 

𝐸 = 𝜂0𝜂𝐿𝑣𝑓𝐸𝑓 + (1 − 𝑣𝑓)𝐸𝑚  (Equation 4) 

𝜂𝐿 = 1 −
𝑡𝑎𝑛ℎ

𝛽𝐿

2
𝛽𝐿

2

 with 
𝛽𝐿

2
= 2 𝐿

𝐷⁄ √
𝐺𝑚

𝐸𝑓ln (
𝑘

𝑣𝑓
)
 



 

35 
 

where 𝐺𝑚 is the shear stiffness of matrix material and 𝑘 is constant related to the geometrical 

packing of the fibers and was taken as 1.  

4.4.7. Dynamic mechanical analysis (DMA) 

DMA was utilized to characterize viscoelastic behavior of electrospun fibers. Sample preparation 

has been carried out in a similar way to tensile testing: membraness of electrospun fibers collected 

on a rotating drum and flat collector were cut into small rectangular pieces of average width 4-5 

mm and length 30 mm, bundles of fibers were collected for aligned fibers.  

DMA was carried out using TA Instruments Q800 DMA equipment. All samples were run with a 

preload of 0.01 N at a frequency of 1 Hz with a constant strain rate of 0.1 mm/min; the gauge 

length of the samples was around 10 mm. Runs were done in a temperature sweep mode for 

temperatures from 30 to 180 °C with an increase rate of 2 C/min. The plots of storage modulus 

and damping ratio tanδ versus temperature were obtained for analysis.  

4.4.8. 2D X-Ray Diffraction (2D XRD) 

Orientation of CNCs inside the fibers and crystallinity of fibers was studied using 2D XRD 

technique via single crystal X-ray diffractometer Bruker D8 VENTURE equipped with a CCD 

camera. Distance from sample to detector was set to 40 mm, exposure time of 600 sec was used.  

Samples for 2D XRD were prepared from electrospun membranes, whenever it is possible (i.e. for 

flat collector and rotating drum collector), bundles of fibers were used in case of parallel electrodes 

setup and wired drum configuration. Thickness of the samples was approximately similar, which 

was achieved by stacking layers of pieces cut from electrospun membrane and combining several 

bundles to achieve similar thickness. Thickness of all samples was approximately equal to 140 

μm. Cut samples were glued to a paper holder with a circular hole, attached to a copper holder and 

then mounted on a goniometer as shown on the Figure 22.  

 

Figure 20. Sample for 2D XRD mounted on a goniometer head 

4.4.9. Polarized Fourier Transform Infrared (FT-IR) Spectroscopy 

The degree of molecular orientation within the fibers was studied using Varian 670-IR with a 

polarizer. The schematic comparison between the conventional FT-IR and polarized FT-IR is 

shown on the Figure 23. 
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Figure 21. Comparison between conventional FTIR and polarized FTIR 

The measurements were done with a spectral resolution 4 cm-1 in a spectral range of 4000 to 400 

cm-1 in a transmission mode, 64 scans were made for each run. The degree of orientation can be 

examined using dichroic ratio D when the polarizer is placed at 0° and 90° relative to the fiber 

direction: 

𝐷 =
𝐴𝑝𝑎𝑟𝑎

𝐴𝑝𝑒𝑟𝑝
 

with 𝐴𝑝𝑎𝑟𝑎 – absorbance value when the polarizer is placed at 0° and 𝐴𝑝𝑒𝑟𝑝 – absorbance when 

the polarizer is placed at 90°. The value of D equal to unity is a sign of random orientation, whereas 

a perfect uniaxial orientation results in an infinite value.  
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5.  Results and discussions 

5.1. Optimization of the concentration  

The first step was to identify the range of the solution concentrations that result in continuous and 

defect-free fibers. For this purpose, solutions containing 8, 10, 12, 14 and 16 wt% of PVA 

dissolved in DI water wee prepared. It was observed that fibers formed 8 wt% had some beads 

and, thus, concentrations lower than 8 wt% would result in the non-continuous fibers and were not 

tested. At 16 wt% the solution had very high viscosity and started to solidify at the needle tip. The 

solutions above 16 wt% were not tested. 

Measuring the conductivity and viscosity of the solutions allowed finding the electrospinnable 

range resulting in the successful fiber formation. Table 5 summarizes the properties of the 

solutions that were prepared. The range of electrospinnable viscosity and conductivity were found 

to be between ~250-8900 mPa.s and 630-860 μS/cm respectively. 

Table 5. PVA solutions prepared for electrospinning 

Solution 
PVA, 

wt% 

Viscosity, 

mPa.s 

Conductivity, 

μS/cm 
Comments 

8PVA 8 243 629 
fibers with some 

beads 

10PVA 10 757 702 fiber formation 

12PVA 12 2030 778 fiber formation 

14PVA 14 4725 861 fiber formation 

16PVA 16 8856 943 non-continuous 

 

Figure 22. Optical micrographs of fibers a) PVA 8 wt% concentration b) PVA 10 wt% 

concentration c) PVA 12 wt% concentration d) PVA 14 wt% concentration 
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Figure 24 shows the optical micrographs of the fibers electrospun from the abovementioned 

solutions.  

After identifying the range of viscosities in which the electrospinning process was feasible, the 

solutions were loaded with CNCs. It was observed that addition of CNCs to the polymer solutions 

results in the increase of the viscosity of the solutions. First, 10 % CNCs relative to PVA was 

added to the solution with 10 wt% of the polymer and continuous fibers were made. Then, CNCs 

loading was increased to 20%, this resulted in the formation of beads. Beads formation continued 

at 12 wt% of the polymer due to lack of polymer chain entanglement. Thus, total polymer 

concentration was increased to 14 wt% with 20% CNCs content. This solution resulted in good 

quality fibers. Further increase of CNCs loading to 30% formed beads. The solution with CNCs 

at 14 wt% of the polymer are summarized in the Table 6.  

Table 6. CNCs loading into PVA solutions 

Solution 

Total 

polymer 

content, 

wt% 

PVA:CNC 

ratio 

Viscosity, 

mPa.s 

Conductivity, 

μS/cm 
Comments 

14PVA-

CNC10 
14 90:10 8530 794 

fiber 

formation 

14PVA-

CNC20 
14 80:20 8870 767 

fiber 

formation 

14PVA-

CNC30 
14 70:30 - - - 

Thus, based on this preliminary screening process total polymer concentration 14 wt% was chosen, 

CNCs content was set to 0% and 20% relative to PVA. To study the dispersion of CNCs in the 

solution, flow birefringence was observed by placing the solution between two cross-polarizers.  

 

Figure 23. Flow birefringence of solutions (1) is solution in normal light, (2) - solution in a 

polarized light a) neat PVA solution b) dispersion of CNCs in water c) PVA-CNC solution 

Flow birefringence of the solutions on the Figure 25 shows that there is no birefringence in PVA 

solution. Birefringence of PVA-CNC solution is similar to birefringence of CNCs dispersion in 

water. This indicates that CNCs are evenly dispersed in the solution.   
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5.2. Process optimization 

After identifying the solutions to be used, parameters and collector configurations were optimized. 

In case of parallel electrodes, it was necessary to identify the size of the gap between two electrodes 

and for the rotating drum/wired drum configurations rotational speed needed to be optimized.  

The width of separation between the electrodes was varied from 1 cm to 5 cm to identify the 

optimum value. The alignment was studied using the optical micrographs of the fibers obtained 

with different gap width. As it can be observed from optical micrographs shown on the Figure 26 

that the gap width of 3 cm results in the uniaxial alignment of the fibers, whereas lower and higher 

values did now show improvement in alignment. Thus, 3 cm gap width was further used for the 

collection of fibers.  

 

Figure 24. Optical micrographs of the fibers electrospun on parallel electrodes with gap width 

a) 2 cm b) 3 cm c) 4 cm 

As it was outlined by the previous researchers, the alignment of the fibers collected on a rotating 

cylinder is dependent on the rotational speed of the drum, since the rate of withdrawal of fibers 

should match the rate at which the fibers are collected. Thus, to optimize the rotational speed three 

different values: 200 rpm, 300 rpm and 400 rpm were tested. Further increase in the speed of 

rotation was not studied due to the limitations of the equipment. As it can be observed from Figure 

27, at 200 rpm fibers were not stretched and deposited freely due to mismatch of the speed of 

drawing to the speed of alignment. Therefore, higher speed of alignment was required. Screening 

of the optical micrographs (Figure 27) of the fibers electrospun at 300 rpm and 400 rpm shows 

that modest alignment can be achieved and these two speeds were used in the further analysis.  

 

Figure 25. Optical micrographs of the fibers electrospun on the rotating drum collector with 

rotational speed a) 200 rpm b) 300 rpm c) 400 rpm 

Having optimized the collector setups, the processing parameters were chosen. By varying the 

electrospinning parameters, the potential difference 𝛥𝑉, solutions feed rate f and tip to collector 

distance d were chosen to preserve the alignment. It was important to achieve similar parameters 
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(electric field strength in this case) for all setups to obtain comparable results. Table 7 below shows 

the optimized electrospinning conditions for flat collector, rotating drum, parallel electrodes and 

wired drum.  

Table 7. Optimized electrospinning parameters for all collector setups. 

Flat collector/                     

Pair of electrodes 

Rotating drum/              

Wired drum 

𝛥𝑉 = 20 kV 𝛥𝑉 = 18 kV 

f = 0.01 𝑚𝐿/ℎ f = 0.01 𝑚𝐿/ℎ 

d = 20 𝑐𝑚 d = 18 𝑐𝑚 

 

5.3. Alignment of the fibers 

Alignment of the electrospun fibers was studied using OM and SEM. Figure 28 fibers electrospun 

on four different collectors along with the optical micrographs of the fibers collected with a short 

collection time at optimized conditions.  

 

Figure 26. Visual appearance of the fibers electrospun on a) flat collector b) rotating drum c) 

parallel electrodes d) wired drum along with corresponding optical micrographs e, f, g, h 

From this preliminary screening, it can be observed that different degree of macroscpopic 

alignment can be achieved. Random fibers were obtained for the flat collector, rotating drum 

resulted in oriented fibers with some misaligned fibers, parallel electrodes yielded aligned fibers 

with few fibers losing alignment and wired drum configuration gives well-aligned fibers.  

Alignment of the fibers electrospun with longer collection times (45 min for all collector types) 

was studied using SEM. From Figure 29 it can be observed that flat collector yielded a random 

orientation of fibers, rotating drum had very low, almost no spatial alignment of fibers, and both 

parallel electrodes and wired drum gave well-aligned fibers. Also, it could be noticed that the 

alignment of the fibers at 45 min is already disturbed. This can be viewed from Figure 29 d and e, 

where top fibers were less aligned than fibers electrospun at the initial stages due to charge 

accumulation. As predicted, flat collector and rotating drum both gave high membranes of high 

thickness, whereas in parallel electrodes and wired drum fewer fibers were obtained. In the case 
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of parallel electrodes many fibers were deposited on the electrodes themselves without any 

orientation, therefore, few fibers fell in the gap region. And in the case of a wired drum, fibers get 

distributed over the surface of the collector and this again resulted in the membrane of a very low 

thickness.  

 

Figure 27. SEM images of PVA-CNC fibers electrospun at optimized conditions on a) flat 

collector b) rotating drum at  300 rpm c) rotating drum at  400 rpm d) parallel electrodes with 

gap distance 3 cm e) wired drum at 400 rpm 

To conclude both wired drum and parallel electrodes could be used to collect uniaxially aligned 

fibers, however as the collection time is increased, charging of the fibers and repulsion forces 

distort the alignment, the observation is well aligned with the previous reports in the literature. 

5.4. Fiber morphology and sizes 

Further, fiber morphology was studied using SEM images. High magnification SEM images 

(Figure 30) showed that fibers collected on all types of collectors were smooth and uniform, no 

distinct morphological features or porosity were observed. Few defects such as non-uniformity 

along the fiber length were present (Figure 30d). 

Comparison of fibers electrospun with CNCs and without CNCs (Figure 31) showed that 

morphology of the fibers did not undergo significant changes, however, the fiber diameter dropped 

significantly with the addition of CNCs. This decrease of diameter could be directly related to the 

increase of conductivity when CNCs are added (Table 6 and 7). Higher conductivity resulted in 

the better stretching in the electric field and decrease of fiber sizes.  
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Figure 28. Fiber morphology observed using SEM, solution used - PVA-CNC20 a) flat collector 

b) rotating drum at 400 rpm c) wired drum at 400 rpm d) parallel electrodes with gap 3 cm 

 

Figure 29. Comparison of PVA fibers collected on flat collector a) with CNCs b) without CNCs  

Fiber diameters were studied using SEM images and Imaje J software, Table 8 presents summary 

of the fiber sizes collected on four different collectors and it can be observed that fiber diameter 

decreases by from 393.4 nm to 262.8 nm with addition of CNCs. Comparison of fiber diameters 

with CNCs collected on different collector types showed that fibers were of similar sizes ranging 

from 241.9 nm to 276.0 nm. Thus, it was concluded that same electrospinning parameters result 

in fibers of similar size and morphology, which does not depend on the collector type used.  

Table 8. Fiber diameters collected on four different collectors 

Collector type Solution Fiber diameter, nm 

Flat 14PVA 393.4±36.7 

Flat 14PVA-CNC20 262.8±28.9 

Rotating drum 14PVA-CNC20 241.9±31.3 

Parallel 14PVA-CNC20 276.0±32.8 

Wired drum 14PVA-CNC20 257.1±18.4 
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The presence and successful incorporation of CNCs within the fibers were studied using polarized 

optical microscopy (POM). Figure 32 shows POM images of fibers electrosun on all collector 

setups. 

 

Figure 30. POM images of PVA-CNC fibers collected on a) flat collector b) rotating drum c) 

wired drum d) parallel electrodes 

The birefringence of the fibers observed from POM images (Figure 32) was an indication of the 

presence of CNCs inside the fibers and their even distribution. On the Figure 32 regions with 

higher birefringence were present along the fibers. These brighter regions are defects, such as 

beads, which have a higher concentration of CNCs and are more birefringent.  

5.5. Mechanical and thermomechanical properties 

5.5.1. Tensile testing 

Tensile strength, maximum strain and Young’s modulus were obtained from stress-strain curves. 

Samples cut from the membraanes had an average width of 4-5 mm and length of 30 mm. Bundles 

of aligned fibers had varying dimensions due to sample collection specifics. The collection time 

on parallel electrodes for both PVA and PVA-CNC solutions was kept 30 min, however, the 

amount of fibers varied significantly and in the case of PVA solution more fibers were obtained. 

Summary of the thickness of the samples is shown on the Table 9. 

It should be noted that no tensile testing was performed on the fibers collected using wired drum 

since it was not possible to form the bundle of the required length. On the wired drum, the fibers 

were collected in the gap between copper wires. The spacing between the wires was set to 1 cm, 

which was not enough for the tensile testing performed.   
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Table 9. Average thickness of samples used for tensile testing 

Solution Collector type 
Average 

thickness, um 

14PVA Flat 74.6 

14PVA-CNC20 Flat 67.6 

14PVA Rotating drum at 300 rpm 10.9 

14PVA-CNC20 Rotating drum at 300 rpm 6.0 

14PVA Rotating drum at 400 rpm 6.6 

14PVA-CNC20 Rotating drum at 400 rpm 5.6 

14PVA Parallel electrodes 5.1-10.8 

14PVA-CNC20 Parallel electrodes 1.6-2.8 

The average curves for each sample are shown on the Figure 33, the average value was calculated 

from the runs on 5 different specimens. Table 10 shows the values of tensile strength, maximum 

strain and Young’s modulus. All samples followed the behavior expected for polymer material 

with relatively low tensile strength and high maximum strain. As expected, the weakest fibers were 

obtained when no reinforcing material was present: PVA fibers have tensile strength and elastic 

modulus equal to 3.9 MPa and 58.0 MPa respectively. The higher tensile strength of fibers 

collected on rotating drum compared to randomly oriented fibers indicates that some degree of 

macroscopic alignment was induced, which was not observable from microscopy results.  

 

Figure 31. Average stress-strain curves for PVA and PVA-CNC samples collected on different 

collector types 
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It can be observed that highly aligned fibers yielded the highest tensile strength and Young’s 

modulus, however, the values of ~50 MPa and 2 GPa were much higher than for other samples. 

Highly aligned fibers should show significant improvement of mechanical properties, 

nevertheless, the increase was unexpectedly high. This could also be related to the imperfections 

in measuring the dimensions of the sample, as for other samples direct measurements were taken, 

while bundles of fibers were measured indirectly through the weight of the samples.  

Table 10. Summary of the results of tensile testing 

Sample 
Elastic 

modulus, GPa 

Tensile 

strength, MPa 

Maximum 

strain, % 

PVA flat collector 0.058 3.92 195.3 

PVA-CNC flat collector 0.140 6.76 107.6 

PVA drum at 300 rpm 0.154 7.32 145.8 

PVA-CNC drum at 300 rpm 0.326 11.22 81.3 

PVA drum at 400 rpm 0.179 12.37 146.5 

PVA-CNC drum at 400 rpm 0.443 13.40 95.8 

PVA parallel electrodes 1.527 47.73 67.3 

PVA-CNC parallel electrodes 20.655 49.61 33.2 

In general, with improved alignment strength of the material increases, whereas the elongation at 

break decreases and more brittle behavior is observed. 

Micromechanical modeling of the composite elastic modulus was done using the rule of mixtures, 

Halpin-Tsai equation and Cox’s equation. Experimentally obtained elastic modulus along with 

predicted values are plotted on the Figure 34. The elastic modulus of the fibers that lack alignment 

shows that all the values of the elastic modulus fall far behind the predicted theoretical values and 

indeed no significant macroscopic alignment was achieved. The elastic modulus of aligned 

reinforced fibers falls in between the limits of theoretical calculations as shown on the Figure 34.  

In the rule of mixtures, equations 1 and 2 assume that the reinforcing phase is distributed either 

along the fiber length or perpendicular to it. Comparison of the value of elastic modulus of aligned 

fibers (20.7 GPa) with predicted values shows that assumption of longitudinal reinforcing gave an 

overestimation of the fiber modulus resulting in the value of Elong=37.2 GPa. Assuming CNCs 

being fully perpendicular to fibers underestimated the value (Etransv=5.0 GPa). Thus, this model 

cannot be used to predict composite behavior. Halpin-Tsai model with L/D=20 (assuming the 

length of CNCs 200 nm and diameter 10 nm) and Cox’s model with η0=1 and ηL=1 again greatly 

overestimated the Young’s modulus resulting in expected values equal to 42.7 GPa and 37.2 GPa 

respectively. In Cox’s model with lack of orientation of CNCs, η0 could be taken as 1/3 and this 

gives an underestimated result for elastic modulus of 14.5 GPa. In summary, the assumption of 

perfect alignment overestimates elastic modulus and lack of orientation predicts too low values. 

Thus, it can be concluded that CNCs are getting oriented, however, the degree of orientation is not 

perfectly along the fiber length. Another reason could be not perfect orientation of the fibers 

themselves due to charging effects.  
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Figure 32. Predicted values of elastic modulus based on the rule of mixtures, Halpin-Tsai model 

with L/D=10 and L/D=20, Cox’s model along with the experimental data.  

5.5.2. Dynamic mechanical analysis (DMA) 

DMA was conducted to study thermo-mechanical properties of the fibers and investigate the 

correlation with tensile testing. DMA analysis was performed on neat PVA and PVA-CNC fibers 

collected on a flat collector, rotating drum at 300 rpm and 400 rpm and parallel electrodes.  

Figure 35 and Figure 36 below show the change of storage modulus and tanδ with an increase of 

temperature.  

 

Figure 33. DMA results a) storage modulus b) damping ratio tanδ 

Figure 35 showed that storage modulus for fibers collected on rotating drum with two different 

alignment speeds were similar (lines in blue and purple). More surprisingly, membrane collected 

at 400 rpm had lower modulus than membrane collected at 300 rpm, which contradicts the results 
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of tensile testing. This deviation in the results can be attributed to the sample defects, since for 

DMA only one specimen was tested for each sample. One specimen could be not representative 

of the whole material. Another problem was encountered, when DMA was performed on aligned 

fibers. The sample collected on parallel electrodes showed abnormal behavior at the temperatures 

above ~80 ℃ and these values were discarded in this study. This was related to the wrong choice 

of testing parameters since this sample having the smallest dimensions could not resist the pre-

load of 0.01 N set for the experiment. However, despite the inability to study the behavior of this 

material at temperatures above 80 ℃, the trend was still observable and analysis of viscoelastic 

behavior was carried out.  

Figure 36 shows that glass transition temperature of all the sample was in the range of temperature 

values listed in literature for PVA (~80-90 °C) [27]. Increased crystallinity is observed with better 

alignment.  

Table 11. Storage modulus and damping ratio values from DMA test 

Sample 
Storage modulus 

(MPa) 
tanδ 

PVA random mat 274 0.73 

PVA-CNC random mat 402 0.36 

PVA-CNC rotating drum at 300 rpm 837 0.23 

PVA-CNC rotating drum at 400 rpm 800 0.21 

PVA-CNC aligned on parallel electrodes 5800 - 

Table 11 summarizes values of storage modulus and damping ratio. It can be noticed that the 

highest value of storage modulus was achieved for aligned fibers with addition of CNC (E’=5800 

MPa), whereas the weakest fibers were produced by electrospinning of PVA solution on a flat 

collector (E’=274 MPa). The random membrane of PVA fibers resulted in the biggest damping 

ratio, while aligned PVA-CNC fibers showed a clear decrease of elasticity (tanδ=0.73 and 

tanδ=0.21 for PVA and slightly aligned PVA-CNC fibers respectively). Values of tanδ suggest 

that the weakest fibers were also the most elastic ones. 

Overall, due to anisotropic elastic properties of PVA and CNCs increase of alignment led to the 

increase of strength in the direction of fiber alignment, but at the same time to the decrease of 

ductility, which correlates well with the results of tensile testing and previous research.  

5.6. Microscopic alignment within the fibers 

5.6.1. 2D X-Ray Diffraction 

Alignment of CNCs within PVA was investigated using 2D XRD. 2D XRD was performed on the 

samples of PVA and PVA-CNC fibers collected on flat collector, rotating drum at 300 and 400 

rpm, parallel electrodes and wired drum. Figure 36 shows spectra obtained for neat PVA and PVA-

CNC random fibers collected on a grounded plate. The difference in the appearance of the spectra 

attributes to the incorporation of CNCs inside the fibers. The characteristic (200) double ring 

corresponding to reflections of the cellulose Iβ crystals can be viewed on Figure 36(b). Continuous 
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shape of rings suggested that despite the presence of crystallinity in the sample, no preferred 

orientation was achieved.  

 

Figure 34. Comparison of 2D XRD spectra of random membranes electrospun at similar 

conditions on a flat collector a) neat PVA membrane b) PVA-CNC membrane (no background 

substraction) 

Spectra for uniaxially oriented fibers on the Figure 37 shows that there was also a microscopic 

alignment of both PVA and CNCs involved. This was viewed from the intensity peaks, which are 

observed not along the ring as in the case of random fibers, but along an arc. PVA-CNC fibers 

(Figure 37b) have shorter arc length than PVA fibers (Figure 37a). Thus, it can be argued that 

better alignment of crystals compared to matrix molecules was achieved.  

 

Figure 35. Comparison of 2D XRD spectra of aligned fibers electrospun at similar conditions on 

parallel electrodes a) neat PVA membrane b) PVA-CNC membrane (no background 

substraction) 

Further, spectra of PVA-CNC fibers with different degree of alignment were compared as shown 

on the Figure 38. Spectra were superimposed with corresponding integrated intensity values.  
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‘  

Figure 36. Comparison of 2D XRD spectra for fibers electrospun from PVA-CNC solution on a) 

flat collector b) rotating drum at 300 rpm c) rotating drum at 400 rpm d) wired drum at 400 rpm 

with a distance between wires of 1 cm e) parallel electrodes 

2D XRD diffractogram of random PVA-CNC fibers revealed that intensity distribution along the 

Debye-Sherrer rings is uniform. In randomly oriented fibers X-Rays are diffracted from crystals 

located at different angles relative to each other, which results in similar intensities at all angles. 

Slightly aligned fibers collected on rotating drum at 300 rpm (Figure 38b) showed a slight increase 

of intensities with two observable peaks. Intensities of these peaks continue to increase as the 

alignment of the fibers is increasing (Figure 38c, d and e). The sharpest peaks are observed for 

fibers aligned on parallel electrodes (Figure 38e). Peak intensity values for wired drum and parallel 

electrodes are similar, however, fibers on the wired drum show broader peaks. This can be an 

indication of better microscopic alignment in fibers collected on the pair of electrodes. However, 

in the case of wired drum, fibers were better uniaxially aligned compared to parallel electrodes. 

This discrepancy can be related to the sample preparation and needs to be studied further.   

Azimuthal integration of the signal from membranes of random PVA and PVA-CNC fibers 

revealed broad peaks due to weak scattering of both materials. Also plot of normalized intensities 

(see Appendix A) showed that two peaks of cellulose at 15.2° and 17.6° corresponding to (200) 

plane are superimposed by the broad intensity peak of PVA. Due to these reasons, successful data 

deconvolution based on the 2D XRD spectra was not possible and no quantification of alignment 

was made.  
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5.6.2. Polarized FT-IR 

To confirm the alignment of PVA within CNCs composite fibers polarized FT-IR was employed. 

First, the polarizer was placed at 0° and 90° relative to the fiber direction and spectra were 

recorded. A resultant spectrum for random PVA-CNC is shown in Appendix B.  

Three most intense, sharp peaks were selected for the study of the alignment [44-45]. These peaks 

were assigned as follows:  

• A peak at 1160 cm-1 corresponding to asymmetrical stretching of cellulose C-O-C band 

• A peak at 1100 cm-1 related to stretching of C-O band of PVA 

• A peak at 1060 cm-1 corresponding to C-C, C-OH and C-H ring and side group vibrations 

of cellulose  

Figure 39 shows the region of the spectra from 1200 to 1000 cm-1 with the peaks that are of interest. 

No difference in spectra was observed for cast film and a random membrane of fibers, when 

polarizer is placed at 0° and 90° relative to fibers (Figure 39a and b). With some alignment, as in 

case of rotating drum (Figure 39 c and d), absorbance intensities slightly vary. The most significant 

difference in the peak intensities is observed for well-aligned fibers collected on the wired drum 

(Figure 39e). Parallel electrodes setup did not follow a similar trend, despite the results of tensile 

testing and 2D XRD, which suggest a high degree of microscopic alignment. This could be 

explained by the errors in sample preparation, since a thin layer of fibers deposited had also a 

significant number of air voids between the fibers.  

 

Figure 37. Polarized FTIR spectra in the range of 1200 to 1000 cm-1 at 0°and 90°of polarizer 

a) cast  film of PVA-CNCs solution and fibers collected on b) flat collector c rotating drum at 

300 rpm d) rotating drum at 400 rpm e) parallel electrodes f) wired drum at 400 rpm 

Based on the spectra obtained for different configurations calculations of dichroic ratio were done 

for two peaks of cellulose and peak of PVA, which are presented in the Table 12. It could be 
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observed that in the case of random fibers the D value is almost 1 indicating the isotropic character 

of the material. For the wired drum, D was equal to 1.94 (1160 cm-1), 1.37 (1100 cm-1) and 1.79 

(1060 cm-1), which proves the presence of preferred orientation. Notably, D values for CNCs peaks 

are higher than the values for PVA peak, which is an indication of better alignment of CNCs along 

the fibers compared to PVA. 

Table 12. Dichroic ratio D values from polarized FTIR results 

D value 

Peak 

position, 

cm-1 

PVA-

CNCS 

dry-cast 

PVA-

CNCS flat 

PVA-

CNCS 

drum300 

PVA-

CNCS 

drum400 

PVA-

CNCS 

Parallel 

PVA-

CNCS 

wired drum 

1060 1.02 1.03 1.35 1.44 1.12 1.94 

1100 1.00 1.02 1.16 1.20 1.07 1.37 

1160 1.04 1.04 1.37 1.48 1.16 1.79 

 

Figure 38. Polar plots of absorbance peaks at 1160, 1100 and 1060 cm-1 for PVA-CNCS a) dry-

cast film of a solution and fibers collected on b) flat collector c) rotating drum 300 rpm d) 

rotating drum 400 rpm e) parallel electrodes f) wired drum 400 rpm 

Finally, to study whether the alignment is along the fiber direction, FT-IR spectra were recorded 

while varying angle of the polarizer from 0° to 360° with a step of 45°. Polar plots of three peak 

intensities reveal that in the case of random membrane (Figure 40b) the shape of the plot is almost 

circular. This circular shape is an indication of the complete randomness of the material. In the 

case of fibers aligned on the rotating drum with rotational speed 300 rpm and 400 rpm, it could be 

observed that even though the fibers lack macroscopic alignment, the shape of the curves is oval. 

Thus, some alignment of PVA and CNCs was induced. Finally, polar plot of intensity peaks from 

fibers aligned on wired drum shows that both peaks of cellulose (at 1160 cm-1 and 1060 cm-1) 

result in the dumb-bell shaped curves, while PVA peak gives an oval-shaped curve (Figure 40f). 

Minima of intensity were obtained at polarization perpendicular to fiber direction and maxima 

were with polarization parallel to the fiber direction. This indicates that indeed the alignment is 
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achieved along the fiber length. Dumbbell shape of CNCs peaks and oval shape of PVA peaks 

correspond to the results of 2D XRD, which suggested that PVA molecules have less orientation 

compared to CNCs. Better alignment of CNCs could be related to the presence of surface charge 

on crystals. Electrospinning led to the alignment of CNCs and PVA due to the combined action of 

shear force, electric forces and internal Coulomb force, however, the collection of fibers needs to 

be controlled through the electric field is required to preserve it in the resulting fibers. 
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6. Conclusion 
The objective of this project was to produce aligned PVA fibers reinforced with CNCs and to study 

the alignment of CNCs inside the fibers. Four different fiber collection methods were adopted and 

the mechanical properties of the resultant fibers were investigated. Optical and scanning electron 

microscopy, polarized optical microscopy, tensile testing, dynamic mechanical analysis, 2D XRD 

and polarized FTIR were conducted to characterize the electrospun fibers.  

To conclude it could be stated that: 

• Continuous, smooth PVA and PVA fibers reinforced with 20% of CNCs were successfully 

electrospun and set of optimized electrospinning parameters were developed. Resulting 

fibers had diameters of 400 nm and 240-275 nm for PVA and PVA-CNC fibers 

respectively. Electrospun fibers were uniaxially aligned on the wired drum and parallel 

electrodes.  

• Tensile testing and DMA indicated that CNCs have a reinforcing effect on PVA fibers 

increasing tensile strength and elastic modulus, but decreasing the elongation at break. 

Improved alignment also has a positive effect on tensile strength, elastic modulus and 

negatively affects the maximum strain. Results of DMA show similar trend of increasing 

storage modulus and decreasing damping ratio with improved alignment of PVA-CNC 

fibers. Also, the glass transition temperature of PVA was in the range of expected values 

between 80 to 90 ℃. The increase of Tg with increasing degree of alignment was also 

observed, which is an indication of enhanced matrix crystallinity.  

• 2D XRD results revealed that alignment of PVA and CNCs in fibers oriented using the 

wired drum and parallel electrodes occurred. The action of shear, electric and Coulomb 

forces induced the orientation of the charged particles along the line of action of these 

forces. Only qualitative analysis was possible due to weak scattering of PVA and CNCs 

and crystallinity peaks at similar angles.   

• Polarized FT-IR gave additional information regarding the alignment of PVA and CNCs. 

In case of fibers collected with the wired drum dichroic ratio values reached as high as 

almost 2 for CNCs and 1,4 for PVA, while random membranes had dichroic ratio values 

of around 1. Polar plots of absorbance intensities had a circular shape for non-aligned 

fibers, which is an indication of randomness. Well-aligned fibers revealed a dumb-bell 

shaped curves for CNCs and oval-shaped curve for PVA. This indicates that CNCs and 

PVA were aligned along the fiber direction with CNCs being more aligned than PVA. 

In summary, macroscopic alignment of the fibers also involves alignment of the constituent 

materials inside the fibers, which can be studied in well-aligned fibers. The combined action of 

uniaxial alignment, addition of reinforcing phase and microscopic alignment results in the 

improved mechanical properties.  
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7. Future work 
Future work might include additional characterization techniques to reveal more information on 

the alignment of the CNCs and PVA. One of such techniques is transmission electron microscopy 

(TEM), which can be used to visualize the crystals and study their alignment. TEM can be 

performed on the cross-section of the fibers or cut along the fiber axis. Since fibers in the sub-

micron regime have weak scattering one of the possibilities would be to use small angle X-Ray 

scattering (SAXS) or SAXS with synchrotron source to obtain higher signal intensities.  

Process optimization could be conducted, which includes the study of the effects of changing 

CNCs content, improved sample preparation and production of thicker mats. Sample collection 

and sample preparation could be improved to be able to study the mechanical properties of fibers 

collected on the wired drum. Also, sample preparation to conduct polarized FTIR for fibers on 

parallel electrodes needs to be investigated. Finally, since the collection of aligned fibers is limited 

in time, further research could be conducted in this area.  

This work can be further extended to the study of the possible applications of the structures made 

from prepared electrospun fibers, such as membranes for water purification, wound dressing 

materials or scaffolds.  
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Appendices 

 

Appendix A. Normalized intensity of spectra from PVA and PVA-CNC fibers collected on a flat 

collector as a function of 2θ 
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Appendix B. Polarized FTIR spectra obtained for fibers collected on a flat collector at two 

mutually perpendicular polarizations 

 

 

 

 

 

 

 

 

 


