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ABSTRACT 

 

Since the discovery of carbon nanotubes in the early 1990s, a new era in nanotechnology 

opened up, impacting both scientific and technological fronts. One of the key challenges in 

processing of carbon nanotube-based materials and structures is proper dispersion of the 

nanoconstituents. Fundamental roadblocks to maximumize utilization of the exceptional 

properties of carbon nanotubes are their tendency to aggregate due to intermolecular forces 

and the resulting difficulties in dispersing them into individual tubes. 

In this study, a novel carbon nanotube dispersion technology that uses electrospraying was 

developed, analyzed, and evaluated. We established image analysis based measurement that 

can be used to quantify the degree and uniformity of carbon nanotube dispersion, and 

performed a series of designed experiments. Rigorous statistical analyses were conducted to 

investigate the parametric effect of electrospraying, and the design of experiments based 

models were derived. As validated through experiments, the design of experiments models 

can serve as effective guidelines for selecting the electrospraying parameters that allow 

controlled nanoparticle dispersion. 

Carbon nanotube electrospraying is expected to be applicable to a broad range of technical 

fields, owing to its low cost, ease of implementation, environmental friendliness, and 

scalability for industry use. Potential applications include, transparent, conductive carbon 

nanotube coating for flexible displays, multiscale carbon nanotube patterning, and continuous 

nanocomposite processing, the proofs-of-concept of which have been demonstrated in this 

study

 xi



 

 

 

CHAPTER 1 INTRODUCTION AND MOTIVATION 

 

 

1.1 Properties and Characteristics of Carbon Nanotubes 

 

Carbon nanotubes (CNTs) are long, slender fullerenes in which the walls of the tubes are 

hexagonal carbon (graphite structure) and often capped at each end. CNTs have many 

remarkable physical and mechanical properties, and the exact magnitude of these properties 

depends on the diameter and chirality of the nanotubes and whether they are in single-wall or 

multi-wall form. Since the1980s, researchers have had great interests in investigating various 

applications of CNTs. 

CNTs have exceptionally high axial strength and elastic modulus, exceeding those of any 

previously existing materials. CNTs are characterized by high elastic modulus, greater than 1 

TPa (the elastic modulus of diamond is 1.2 TPa) and strengths 10-100 times higher than the 

strongest steel at a fraction of the weight [1]. From unique electronic properties and a 

thermal conductivity higher than diamond to mechanical properties, CNTs offer tremendous 

opportunities for the development of fundamentally new material systems. In particular, the 

exceptional mechanical properties of CNT, combined with their low density, offer scope for 

the development of nanotube-reinforced composite materials. The potential for 

nanocomposites reinforced with CNTs having extraordinary specific stiffness and strength 

represent tremendous opportunity for applications in the future [2]. 

 



Owing to CNTs phenomenal properties, many potential applications have been proposed for 

CNTs, including conductive and high-strength composites, energy storage devices, sensors 

and actuators, field emission displays, nanoscale semiconductor devices, probes and 

interconnects [3-8]. In particular, a number of research activities have focused on the 

development of a new class of high-performance polymer composites with nanotubes as the 

reinforcement or filler. Polymer composite applications are quite intuitive due to their 

relative flexibility of fabrication, the ability to tailor the composite properties through a wide 

range of polymers, and the ubiquity in which polymers permeate our daily lives. 

Because of their high aspect ratio, modulus, and strength, nanotubes are promising fillers 

in polymer composites [9]. As an example, Table 1.1 shows a comparison of pure epoxy and 

nanocomposite, the latter exhibiting enhanced mechanical properties. 

 

Table 1.1 Tensile and compressive moduli of pure epoxy and 5 wt. % nanotube/epoxy 

composites [9] 

Material Tensile modulus(GPa) Compressive modulus(GPa) 

Pure epoxy 3.1± 0.2 3.63± 0.25 

Nanotube composite 3.71± 0.5 4.5± 1.5 

 

The research studies and applications of CNTs are hindered by processing and 

manipulation difficulties owing to their poor dispersion in most media, including common 

organic solvents and polymer matrices [10]. Because of the intrinsic van der Waals attraction 

of the CNTs to each other, which is associated with their high aspect ratio, CNTs are held 

together as bundles and ropes for SWNTs and in a web-like structure for MWNTs [11]. 

Ordinarily weak van der Waals force interaction, a natural electrostatic attraction between 

 



individual, electrically neutral atoms and molecules, becomes significant as the structure 

reaches a micro- or nano-scale [12,13]. The structures of SWNT ropes and MWNT network 

are shown in Figure 1.1. Ideally, dispersion involves exfoliation, where the aggregates are 

separated into individual layers for MWNTs and into individual nanotubes from a bundle for 

SWNTs. 

 

(a) Single-walled nanotube ropes 

100 nm
 

(b) Multi-walled nanotubes 

Figure 2.1 Rope and network formation of carbon nanotubes 

 

The dispersion property becomes more significant when CNTs are blended into polymer 

matrices. CNTs tend to remain as agglomerates, and therefore, homogeneous dispersion is 

difficult to obtain. Unless the CNTs are uniformly dispersed in the matrices, taking full 

advantage of the properties of individual CNTs is very difficult. A number of strategies are 

available for CNT dispersion in blends and composite materials, including ultrasonication 

[14,15], high-shear mixing, aid of surfactants [16-20], chemical modification through 

functionalization [21-31], wrapping the CNTs with polymer chains [32], and combinations 

of these methods. However, most of these methods involve labor-intensive, solvent-based 

processes, offering varying degrees of success, and often require careful control of treatment 

parameters. They strongly depend on intuition and trial-and-error, and therefore, do not 

 



provide systematic approaches for general polymer/CNT systems. Moreover, they report the 

difficulty in breaking up the CNT agglomerates, although the above-mentioned methods 

improved dispersion to a degree. For example, the use of surfactant tends to result in 

impurities in the composite [33]. Functionalizing the ends and sidewalls may limit further 

modifications for controlling bonding with the matrix and deteriorate the composite 

mechanical properties [34]. 

The key factors for successful applications of CNTs are the capabilities to control CNT 

dispersion, interfacial bonding between CNTs and surrounding media, and CNT alignment. 

Good polymer-CNT interfacial wetting and adhesion is important to achieve effective load or 

energy transfer from the matrix to the CNTs [35-38]. CNT orientation can be critical for 

enhancing mechanical properties in the aligned direction or for achieving electrical and 

thermal conduction in preferred directions. Among the three factors, dispersion is the most 

critical issue as it governs the effectiveness of the other two factors. The ability to disperse 

CNTs into a polymer is the most critical processing parameter for controlling properties [33]. 

Despite numerous attempts to reinforce polymers by incorporating CNTs, there have not 

been many successful results that show significant improvement as compared to carbon 

fiber-reinforced polymer composites. For example, Shaffer and Windle [39] 

reverse-calculated the elastic modulus of CNTs in a poly(vinyl alcohol)/CNT composite film 

to be 150 MPa using the theory developed for short-fiber composites. The calculated value is 

significantly lower than that measured on an isolated CNT, which is approximately 1 TPa 

[40,41]. This may be a direct result of poor CNT dispersion and insufficient load transfer 

between CNTs and matrix, in addition to possible imperfections in the graphite layers of the 

nanotubes.  

 

 



 

1.2 Current CNT Dispersion Methods 

 

1.2.1 Sonication 

There are various methods to help CNTs dispersion. The most common dispersion method 

is sonication. Sonication involves the formation and collapse of cavitations that produces 

locally high velocity jets and pressure gradients. The resulting mechanical forces on the 

aggregated particles are strong enough to break up the weakly bonded particles, such as 

those joined by the van der Waals forces [44]. In the process, the CNTs were dispersed 

separately in the solvent by high-energy sonication using an ultrasonic wand dismembrator.  

Although the dispersion quality looked good immediately after sonication, a clear phase 

separation with particle sedimentation was observed 24 h thereafter [45]. The lower the 

sedimentation ratio, the better the particle dispersion stability is. The change of the 24 h 

sedimentation ratio with sonication time is shown in Figure 1.2. As long high-energy 

sonication time has the potential to introduce defects into the nanotubes, determination of 

optimum is important. Previous research [45] indicated the optimum sonication times 

increased with the nanotube length, i.e. 30 min for 15 μm long tubes and 1 h for 50 μm long 

tubes.  

.  

Figure 1.2 Influence of sonication time on dispersion quality of Fe3O4 particles: 2 vol. 

%, 400 W, and 24 h sedimentation time [44] 

 



Although sonication is effective, it is rather difficult to achieve a completely uniform 

dispersion of particles. Figure 1.3 shows the relationship between the sonication power 

output and sonication time. The curve trend of the power output indicated that the dispersion 

was most effective at the start of sonication, and further dispersion took much longer time. 

When left undisturbed, the dispersed particles tried to agglomerate because of the van der 

Waals forces. However, the agglomeration did not involve direct contact between the 

particles; rather, the individual particles were still separated by the resin molecules. That is, 

once the particles were separated by sonication, steric equilibrium was achieved.  

 

Figure 1.3 Sonication power output vs. sonication time [44] 

 

1.2.2 Surfactant or Solvent 

CNTs not only have strong intermolecular van der Waals attractions but also are insoluble 

in most polymers. It is a common technique to add the surfactant to assist CNTs dispersion 

in resin because surfactant molecules may be absorbed on the surface of nanotubes, and the 

surfactant molecules can form co-micelle structures with nanotubes via a strong van der 

Waal force [46]. At the same time there are two forces generated that result in CNT 

dispersion. One is a steric repulsive force between surfactant molecules, and the other is a 

 



static repulsive force between the charged ionic surfactant [47]. These two repulsive forces 

help CNTs overcome the van der Waals attraction and drive them to disperse 

homogeneously.  

Generally, for the isolation and dissolution of CNTs, a medium has to be capable of both 

wetting the hydrophobic tubes’ surfaces and modifying these surfaces to decrease the 

interaction between tubes. Therefore, high-concentration surfactant solutions and 

concentrated superacid solutions are effective in making CNT suspensions since the tubes’ 

surfaces can be wetted and charged by the adsorption of surfactant molecules or protonation 

of CNTs in superacids. 

One example of surfactant-aided CNT dispersion by Qingwen Li [48] is as follows. 

SWNT bundles can be discretely dispersed in a saturated NaOH alcohol–water solution with 

almost full dispersion occurring when the treated tubes are transferred to other solvents. As a 

result, it is considered the NaOH solution rapidly wets the nanotubes and the small ions 

(sodium ethoxide and/or alcohol) easily diffuse into the bundles. These ions adsorb on the 

walls of the nanotubes, reducing the inter-tube forces such that the tubes are discretely 

dispersed. The treated SWNTs increased in purity and specific surface area, and can be 

further debundled and dissolved in many common organic solvents. Overall, the treatment is 

simple, low-cost and potentially scalable. 

Another instance of surfactant-aided dispersion of as-produced nanotube powder in 

aqueous solutions of gum arabic (See Figure 1.4) is as follows [42]. Gum arabic is a water 

soluble polysaccharide produced by Acacia Senegal trees. A stable dispersion of full-length, 

well separated, individual tubes is formed, apparently due to physical adsorption of the 

polymer. However, the treated tubes are only dispersible in aqueous solutions. Additionally, 

aid of surfactant can damage the nanotubes’ structure, and the surfactant wrapping CNTs 

 



will decrease the potential of nanotubes. Thus, another issue we should face is removing the 

surfactant.  

 

 

Figure 1.4 Vials containing aqueous dispersions of SWNT (0.05wt %) after 3 months of 

incubation at room temperature: (A) 2 wt% GA; (B) 5 wt % GA; (C) 5 wt % SDS; (D) 

15 wt % SDS; (E) 5 wt % CTAC; (F) 15 wt %CTAC. Note that a uniform dispersion 

(indicative of a single phase) is observed in A and B, while in the other vials the carbon 

nanotubes coagulate at the bottom [42]. 

 

Another similar technique is using solvent to aid CNTs dispersion, which applies solvent 

to dilute the viscosity of resin. CNTs tend to increase resin viscosity and therefore the 

difficulties in CNT dispersion. Solvent can lower viscosity of resin solution with CNTs, and 

CNTs can be dispersed in the resin systems more easily [49]. However, some typical 

solvents own high boiling temperature, and this property makes them difficult to evaporate 

from the resin completely due to large surface area and molecular interactions between 

nanotubes and solvent molecules.  

 

1.2.3 Melt Shear Mixing 

Melt shear mixing uses homogeneous shear force on the nanocomposites to disperse 

CNTs in the resin. In the work by Petra Pötschke et al. [50], a three-roll mill was used as a 

 



means of applying external shearing forces to disperse and exfoliate the silicate clay layers in 

the epoxy matrix. As shear mixing progresses, the solution becomes more and more viscous 

with the dispersion of CNTs and clay particles. At higher CNT and clay contents, the 

viscosity increases even further and it can be assumed that the extra shear force generated by 

high viscosity will increase the basal spacing of clay platelets in the epoxy resin [51]. It is, 

therefore, suggested that the shear mixing provides good dispersion of nanoparticles 

including intercalation and exfoliation for the shear force and applied residence time  

Melt shear mixing can be used to improve the CNT suspension dispersion and reduce the 

defects after sonication technique which introduces energy locally [52]. Uniform dispersion 

is possible by melt shear mixing, but it requires high energy costs. Another shortcoming is 

that melt shear mixing shortens the CNT length, reducing the aspect ratio [53]. This can be 

attributed to the milling process, which damages the CNTs during mixing. Figure 1.5 shows 

using higher energy on melt shear mixing results in better dispersion and shorter tube lengths. 

The processing of nanocomposites by shear mixing also produces a foamy and viscous 

solution and makes degassing quite difficult.  

 

Figure 1.5 Mix energy for dispersion, MWNT in hips [53] 

 



Extrusion is based on the similar concept of high shear mixing, which also can generate a 

high shear force to disperse tubes in resin using an extruder [54]. However, similar to batch 

melt mixing, this technique also may reduce the lengths of nanotubes due to high shear force.  

 

1.2.4 Chemical Functionalization and Tube Purification 

CNTs are chemically functionalized to increase their solubility in solvents and to facilitate 

a uniform dispersion in resins. These approaches include chemical functionalization of tubes’ 

sidewalls with carboxylates and amines, and scission of tubes by mechanical milling. It has 

been confirmed that refluxing nanotubes with concentrated nitric acids (or a mixture of nitric 

and sulfuric acids) creates acidic sites on nanotubes, such as carboxylic, carbonyl and 

hydroxyl groups which are shown in Figure 1.6 [54]. In these functionalized materials, 

nanotube ropes are reported to be largely exfoliated into individual nanotubes with the 

significantly improved solubility in organic solvents. Surfactants, small organic molecules 

and macromolecules have also been used to coat the surfaces of the tubes.  

 

Figure 1.6 Functional groups attached on the nanotube after tube functionalized [54] 

The advantage of using chemical functionalization may improve the efficiency of load 

transfer, solubility and dispersion of nanotubes [55]. However, these methods are not ideal 

since the acid oxidation treatment results in shortened nanotubes with carboxyl acid groups 

 



mainly on the end tips which will further affect their properties, and chemical processing of 

CNTs often damages their structure. It might introduce defects on the walls of MWNTs, and 

these defects will lower the strength of the reinforcing component. Covalent and ionic 

modifications resulted in a limited success. 

Nanotube purification techniques are used to remove the contaminated materials, while 

acid treatment can break nanotube bundles and stabilize small bundles with functional 

groups attached to the tube wall by oxidative attack [56]. Usually, as-received nanotubes are 

contaminated with carbon species such as carbon nanoparticles, fullerenes, carbon onions, 

graphite, metal species as well as amorphous carbon, and these may be present as particles in 

nanotube bundles [57]. However, the acid treatment procedure may damage the effective 

lengths of nanotubes and reduce their exceptional properties as well. 

 

1.2.5 Polymer Wrapped Tubes 

Polymer chain wrapped nanotubes is one approach for surface modification of CNTs, 

which has non-covalent attachment of molecules. That is, it is possible to attach chemical 

groups to nanotubes without disrupting the bonding network of CNTs. When tubes are 

wrapped by the polymer, nanotubes will no longer be attracted by van der Waals forces and 

alter the CNT surface to be compatible with the bulk polymer. Therefore, it will facilitate 

tube dispersion in the resin. Figure1.7 shows nanotubes are successfully wrapped by the 

polymer chains [55].  

The advantage of this method is perfect structure of MWNT is unaltered and therefore 

mechanical properties are not reduced. Polymer wrapping results in activation or etching of 

MWNT surface, improves CNT dispersion, increases tensile strength and modulus, and 

clearly defines interfacial adhesion layer. However, it also includes the disadvantage. Forces 

 



between wrapping molecules and MWNTs may be weak resulting in low load transfer 

efficiency [58]. 

 

 

 

 

  

Figure 1.7 Polymer wrapping of MWNT (Ruoff group) [58] 

 

 

 

 

 



 

 

1.3 Electrospraying 

 

Eelectrospraying is a method of generating a  fine mist through electrostatic charging. As 

a liquid passes through a nozzle, fine droplets are generated by electrically charging the 

liquid to a very high voltage. The charged liquid in the nozzle end charges up and form a 

Taylor cone. Because of the same electrical charge, they repel each other very strongly. At 

the tip of the cone, the liquid becomes unstable as it is forced to hold more and more charge. 

When the liquid can hold no more electrical charge, it disperses into numerous, micron-sized, 

highly charged droplets at the tip of the nozzle (Figure 1.8). In general, these tiny droplets 

are less than 10 µm in diameter, and fly about searching for a potential surface to land on 

that is opposite in charge to their own. As they fly about, they rapidly shrink as solvent 

molecules evaporate from their surface [59]. 

 

Figure 1.8 Schematic illustration of electrospraying [59] 

 

In 1882, Lord Rayleigh first considered the electrical pressure resulting from excess 

charge q on a droplet of spherical radius r and surface tension σ. His theory predicts that the 

 



natural quadrupolar oscillation of a droplet in a field-free environment becomes unstable 

when q exceeds the limit qR, now known as the “Rayleigh limit”, defined in equation [60] 

 qR= 8πε1/ 2σ1/ 2
r

3 /2 Eq. (1.1)

The limit is reached either by evaporation or by application of charge in excess of qR. 

When q  q≥ R, Rayleigh postulated that the droplet would throw out liquid in fine jets. This 

event is referred to in the literature as Rayleigh discharge or Coulomb fission. Despite a 

rigorous prediction of when the event occurs, Rayleigh’s analysis does little to describe the 

dynamics of the discharge event. 

On the industrial scale, electrospraying is used in the application of paints and coatings to 

metal surfaces. Many methods are available for printing today. Two most common ones are 

inkjet and laser printing technologies. Inkjet sprays ink droplets onto paper (Figure 1.9) 

while in a laser printer toner particles are charged and then deposited onto paper in the 

pre-charged locations. Disadvantage of inkjet printing technology is splashing caused by 

droplets accelerated to high speeds hitting target surface, low precision caused by diffusion, 

and, in many of the variations of the technology – like electrospraying – high dependence on 

chemical composition of the ink, i.e. printer having to be heavily modified to be able to print 

a slightly different substance. Laser printers address many of the issues brought up by inkjets 

but raise many of their own. Toner particles undergo high mechanical strains that 

biochemical molecules and DNA are not likely to survive. There also is a multitude of issues 

associated with heating. After looking at the existing state-of-the-art technologies, a method 

of biochemical substance patterning or printing was developed, which allows for micro- and 

nano-scale resolution on nonplanar substrates [61]. Slower droplet speeds also allow for 

higher precision control in printing. 

 



 

Figure 1.9 Inkjet and laser printing technologies as prototypes of the  

Plasma BioPrinter [61] 

 

In biotechnology field, one extensively used tool is electrospraying or 

electrohydrodynamic jetting (EHDJ) [62,63]. EHDJ technology is capable of generating 

submicrometer-size droplets [64], and also can be used to process cells, and biological 

materials [65]. The size and distribution of the droplets can be controlled on the basis of the 

applied potential difference, flow rate of the medium, and the medium’s liquid properties 

[66]. Another similar tool, IJP (inkjet printing), is also a jet-based technology. But compared 

to EHDJ, it has limitations because of the larger size of the jetting needle. 

Another critical field of electrospraying is "electrospray ionization" (ESI), a method for 

chemical analysis ionization. This technique uses high voltage to generate a gas phase ion 

from a typically solid or liquid chemical species. The molecule being ionized does not fall 

apart or break-up during the process. Ionization can apply in mass spectrometry which can 

measure the ion’s mass. Electrospray ionization mass spectrometry (ESI-MS) is a popular 

tool. It has made possible the swift characterization of a huge range of thermally labile, polar 

molecules, most notably biomolecules but also pharmaceuticals, coordination complexes, 

supramolecular assemblies and organometallic catalysts [67]. Electrospray imparts multiple 

 



charges to large biomolecules and polymers thus lowering the m/z(mass to charge ratio) 

value allowing biomolecule analysis on mass spectrometer having only a modest m/z range. 

ESI-MS is also widely used on analysis of large biological molecules such as proteins and 

DNA [68]. 

 

 

1.4 Electrospinning 

 

A straightforward, low cost and unique method to produce novel fibers with diameter in 

the range of 100 nm and even less is electrospinning. In 1934, the process was patented by 

Formhals. Applying the same principle as electrospraying, electrospinning is process a 

mostly used to fabricate fibers with submicron-scale diameters. The apparatus of 

electrospinning is generally set up as in Figure 1.10. In the electrospinning process, a high 

voltage is used to create an electrically charged jet of polymer solution or melt, which dries 

or solidifies to leave a polymer fiber [69]. One electrode is placed into the spinning 

solution/melt and the other attached to a collector. Electric field is subjected to the end of a 

capillary tube that contains the polymer fluid held by its surface tension. This induces a 

charge on the surface of the liquid. Mutual charge repulsion causes a force directly opposite 

to the surface tension. With increasing field, a critical value is attained when the repulsive 

electrostatic force overcomes the surface tension and a charged jet of fluid is ejected from 

the tip of the Taylor cone. The discharged polymer solution jet undergoes a whipping 

process wherein the solvent evaporates, leaving behind a charged polymer fiber, which lays 

itself randomly on a grounded collecting metal screen. In the case of the melt the discharged 

jet solidifies when it travels in the air and is collected on the grounded metal screen. 

 



The polymer solution mostly owns higher viscosity and proper conductivity and surface 

tension, such as the solutions of polyethylene oxide (PEO), polyacrylic acid (PAA), 

polyvinyl alcohol (PVA), polyurethane (PU) and polycaprolactone (PCL). There are already 

large volumes of electrospinning work dealing with the use of dissolved organic polymer so 

far [70,71]. In the electrospinning process, the droplet of the viscoelastic polymer solution is 

subjected to a high voltage electrostatic field and then forms the nanofiber (Figure 1.11). 

 

 

Figure 1.10 Schematic of electrospinning [69] 

 

Figure 1.11 Transmission electron micrographs of electrospun PC fibers on a  

nanoscale [71] 

 



The governing parameters investigated were applied voltage, solution flow rate, the 

polymer weight concentration, molecular weight of the polymer, nozzle-to-ground distance, 

and in some solutions, concentration of ethanol. [72-74] But the four main factors are screen 

distance, electric potential, flow rate, and concentration, which will influence the size of 

produced fiber. Figure 1.12 shows their relationships, respectively. 

 

Figure 1.12 Effect of process parameters on fiber diameter, produced by  

electrospinning [69] 

Electrospun fibers are often deposited on the surface of a collector (a piece of conductive 

substrate) as a randomly oriented mess due to the bending instability of the highly charged 

jet. Direct collection of these fibers as well-aligned structures has been a long-standing 

problem [75]. 

Elecotrospun nanofibers, with fiber diameters of 0.25 microns have been used in industrial 

applications, due to the dependence of efficiency and pressure drop on fiber sizes, and due to 

the benefit of having slip flow at the fiber surface [76]. Nanofibers provide dramatic 

 



increases in filtration efficiency at relatively small (and in some cases immeasurable) 

decreases in permeability. In many laboratory tests and actual operating environments, 

nanofiber filter media also demonstrate improved filter life and more contaminant holding 

capacity [77]. 

 



 

 

 

CHAPTER 2 PROBLEM STATEMENT 

 

 

One of the greatest advantages of using carbon nanotubes (CNTs) as compared to 

conventional fillers in composites is their filling efficiency owing to high specific 

performance (i.e., performance-to-weight ratio), ability to control the nanostructure of the 

composite, and exceptional intrinsic properties. Due to their nanoscale dimensions, CNTs 

allow maximization of “interfacial region” (i.e., region beginning at the point in the fiber at 

which the properties differ from those of the bulk filler and ending at the point in the matrix 

at which the properties become equal to those of the bulk matrix), thus reducing the loading 

of CNTs required to obtain the desired composite performance. 

However, the advantage of high aspect ratio in nanotubes is discounted by the twisting and 

curling of the tubes seen during preparation. CNTs tend to aggregate due to intermolecular 

van der Waals force, which makes it difficult to disperse them in polymer matrices. This 

aggregation phenomenon undermines the effort to utilize the exceptional properties of 

individual CNTs. Currently available CNT dispersion methods are hindered by the following 

drawbacks: 

 Solvent-based methods, such as shear mixing, chemical functionalization, are 

cumbersome, not environmentally friendly and not suitable for scale-up production. In 

addition, many of them (e.g., sonication, acid treatment, etc.) are difficult to control in terms 

 



of obtaining the final desired properties, as they tend to introduce defects to CNTs in an 

uncontrollable manner, which deteriorate their properties. 

 Surfactants tend to improved CNT dispersion significantly; however, eventually they 

need to be removed as residual surfactants degrade the properties of the resultant material 

system.  Surfactant removal is typically challenging. 

 Melt shear mixing tends to either introduce physical damages to CNTs (e.g. CNT 

shortening leading to reduced aspect ratio), if too severe, or minimally effective.  It is often 

difficult to control the effectiveness of melt shear mixing processes. 

There is a strong need to develop a novel method to disperse CNTs that is efficient and 

easy to implement, environmentally friendly, and potentially scalable. 

 



 

 

 

CHAPTER 3 OBJECTIVES 

 

 

The primary objective of the proposed study is to develop a novel method to disperse 

CNTs using electrospraying that is environmentally friendly and suitable for scale-up 

production as compared to conventional CNT dispersion methods.  Specific objectives are: 

 Construct an experimental setup that allows CNT electrospraying; 

 Develop methodologies to collect electrosprayed CNT samples and quantify the degree 

of dispersion; 

 Perform design of experiments (DOE) based parametric studies to identify dominant 

process parameters that govern the degree of CNT dispersion, and develop and validate DOE 

models; and 

 Identify potential applications using the developed CNT electrospraying technology. 

 

 



 

 

 

CHAPTER 4 TECHNICAL APPROACH  

 

 

4.1 Experimental Setup 

 

We used MWNTs (ID: 5-10nm, OD: 60-100nm, length: 0.5-500µm, supplier 

Sigma-Aldrich Co.) in our experiment. In order to improve the CNTs dispersion methods 

that already exist, no surfactants were used in our experiments. This avoids the problem of 

having to remove the surfactant and of limiting CNTs’ outstanding properties. We used 

ultrasonication using Sonicator 3000 (manufactured by Misonix) to prepare the initial CNT 

suspension. (We call this CNT “pre-dispersion.”) Without the aid of surfactant, the CNT 

pre-dispersion is solely governed by ultrasonication. The major procedure to help CNT 

dispersion depends on the electrospraying process which is described in detail as follows. 

The experimental steps are: 

1. Measure the appropriate amounts of CNTs and solvent. (CNT concentration is one of the 

major process parameters and therefore is discussed in detail in later chapters.) Use 

sonication to prepare the CNT suspension. 

2. Fill the syringe with suspension. Set flow rate and total output volume using the digital 

syringe pump (Cole-Parmer Instrument, Inc.; 74900 Series ). Install the syringe on the 

pump. 

 



3. Fix the sample collector on the standing grounded metal plate (30.5 cm by 30.5 cm). Set 

the distance from the needle to the target plate. 

4. Connect the positive electrode to the syringe needle and the negative to the plate. 

5. Turn on the power supply, and slowly increase the voltage to the desired level. Start the 

digital syringe pump and dispense the CNT suspension. 
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Figure 4.1 Experimental apparatus    

 

The experimental setup is shown in Figure 4.1. The formation of electrosprayed 

nanodroplets is shown in Figure 4.2. Figure 4.2(a) and (b) show the effect of applied 

 



voltage on the shape of the spray.  At 10 kV, the spray shows a steady cone-jet mode, 

while at 25 kV, the spray is more spread out and becomes erratic in nature.  This is due 

to fact that the electrosprayed liquid is subjected to corona discharge at high voltages 

[78] 

 

 

(a) 

 

(b) 

Figure 4.2 (a) Under lower voltage (~10 kV) solution jet is generated; (b) Under high 

voltage (25 kV), solution is sprayed into atomized droplets 

 

 

4.2 Selection of Factors 

 

4.2.1 Process Parameters 

Potential dominant process parameters in CNT electrospraying are as follows: 

(1) CNT type (e.g., SWNT, DWNT, MWNT) 

(2) Flow rate  

(3) Charged needle length  

(4) Charged needle diameter (I.D.) 

 



(5) Solvent type 

(6) CNT concentration in solvent 

(7) Distance from needle tip to screen 

(8) Applied voltage  

(9) Sonication power and time  

(10) Humidity in the air 

4.2.2 Nuisance Factor 

Factor (10), humidity, influences the electrostatic force, which may affect CNT dispersion. 

However, in this study, humidity was assumed constant and therefore was treated as a 

nuisance factor. 

4.2.3 Potential Design Factors 

In our experiment, we used the same type of MWNT (as described in Section 4.1) and 

therefore Factor (1) was considered constant. Factor (9), sonication conditions, also was 

considered constant. These conditions are expected to increase the stability in our process 

model. 

Factors (2)-(8) were selected as the preliminary design factors. 

 

 

4.3 Selection and Measurement of Response Variable 

 

4.3.1 Sample Collection 

It is difficult to define the efficacy of the developed electrospraying method, because the 

size of CNT is at nanoscale, and therefore it is challenging to quantify the degree of 

dispersion. 

 



In our experiments, we used the glass slide (Fisher Scientific, Inc.; 25 X 75 X 1 mm) as 

the electrosprayed CNT collector. Figure 4.3(a) shows the optical micrograph of a clean 

glass slide. Figure 4.3(b) shows the microscope image from the drop of sonicated CNTs 

solution without electrospraying, which is characterized by large CNT aggregates. Figure 

4.3(c) and (d), obtained from electrosprayed samples, show much improved CNT dispersion.  

     

  

(b) Sonicated solution drop 

mm 
mm 

(a) Clean glass slide 

without electrospraying 

 

(c) After electrospraying (Sample 1) 

 

(d) After electrospraying (Sample 2) 

Figure 4.3 Observation of electrosprayed CNTs under optical microscope: (a) 

Unsprayed glass slide; (b) drop of sonicated CNT solution (without electrosprayed); (c) 

electrosprayed CNTs (flow rate: 7 mL/min, voltage 25 kv, CNT concentration: 600 

mg/L MWNT in water, needle-target distance: 30 cm); (d) electrosprayed CNTs (flow 

rate: 0.5 mL/min, voltage 25 kv, CNT concentration: 600 mg/L MWNT in water, 

needle-target distance: 30 cm) 

 

 



Figure 4.4(a) and (b) are the micrographs observed by SEM. Figure 4.4(a) is from a drop of 

sonicated CNT solution without electrospraying, and Figure 4.4(b) is after electrospraying. 

Figure 4.4(b) shows much improved CNT dispersion due to electrospraying 

 

(a) Sonicated solution drop 

without electrospraying 

 

(b) CNT dispersion after electrospraying 

Figure 4.4 SEM micrographs showing the effect of electrospraying on CNT dispersion 

 

Next, we placed the glass slide on the grounded collection plate and ran the experiment. In 

this process, we used the digital syringe pump to control the volume of output suspension. 

For each run, the amount of discharged suspension was controlled such that 2 mg of CNTs 

was sprayed.  

Figure 4.5 illustrates sample collection and analysis schemes in greater detail. The 

spraying time (or volume of CNT solution sprayed) was controlled based on CNT 

concentration and flow rate, such that 2 mg of CNTs was dispensed at all times. Cases 1 and 

2 in Figure 4.5 denote two different screen distances with all the other parameters held 

constant. Due to the cone formation of electrosprayed particles (colored in light green in the 

figure), the sample collected in Case 1 will be denser, increasing the probability that the 

CNTs will aggregate, thus resulting in poor dispersion. The greater the screen distance, the 

 



better the CNT dispersion. However, the distance cannot be increased infinitely, as the 

distance over which the CNTs can travel is limited. We considered the distance as one factor 

in our experiment and determined the appropriate distance to balance between CNT 

dispersion and traveling distance.  
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Figure 4.5 Illustration of electrosprayed CNT sample preparation 

 



4.3.2 CNT Dispersion and Coating Using Air Spraying 

Air spraying is a technique that uses air pressure to atomize and spray liquid and is often 

used for painting. A comparison between electrospraying and air spraying to disperse CNTs 

was investigated. The formation of a Taylor cone during electrospraying results in the 

coating of CNTs on the collection screen in a circular pattern. In our electrospraying 

experiments, the total amount of CNTs sprayed was controlled to be 2 mg. A reference 

condition was chosen under which the comparison was made: flow rate = 0.1 mL/min, CNT 

concentration = 400mg/L MWNT in methanol, needle-target distance = 35 cm, voltage = 35 

kV). Under this condition, the diameter of the resulting electrosprayed CNT pattern was 

measured to be 60-65 mm (Figure 4.6). Through trial and error, the condition for air spraying 

(using an air brush) that yields CNT pattern (2 mg in weight) of 60-65 mm diameter was 

determined. The condition included 30 psi (200 kPa) of air pressure and 400 mg/L MWNT 

in methanol. The air brush was purchased from Badger (Model 200) and powered by a fluid 

dispenser (Model 2000XL by EFD). As the same amount of CNTs (2 mg) was consumed to 

cover the areas of a similar size (60-65 mm in diameter), the relative difference in the degree 

of CNT agglomeration could be observed.  The optical microscope images obtained from 

the two CNT spraying methods are compared in Figure 4.7. The micrographs indicate that 

electrospraying results in much smaller and better distributed CNT aggregates as compared 

to air spraying. 

 



60-65 mm Glass slide 

 

Figure 4.6 Schematic illustration of sample collection from electrospraying and air 

spraying 

 

  

mm mm 

(a) Electrospraying (b) Air spraying 

Figure 4.7 Optical micrographs of CNT aggregates from: (a) electrospraying; and (b) 

air spraying 

 

4.3.3 Response Measurement Method 1 – Image Analysis Using MATLAB 

For each given electrospraying condition, three glass slide samples were prepared. For 

each sample, three locations were selected and observed under the optical microscope. 

Optical micrographs were captured at 100X (Model BX40 by Olympus) magnification, and 

MATLAB was used to perform image processing to observe the quality of CNT dispersion. 

According to the “level” setting, MATLAB transforms the image from grayscale (original 

image from optical microscope) to monochrome (black and white) (See Figures 4.8 and 4.9) 

 



and calculates the percentage of the area occupied by CNT aggregates within the image 

window. The percentage is computed as follows: 

windowimagethewithinpixelstotalofNumber

windowimagethewithinpixelsblackofNumber
aggregateCNTofarea =%  Eq.(4.1)

There are 256 levels of shades on grayscale, and the level setting is from zero to one – 

“zero” being white and “one” black. Determining the threshold (between zero and one) is 

critical in obtaining the correct % area of CNT aggregate. The threshold was determined by 

trial-and-error, i.e., by selecting the level at which as many CNT aggregates (appearing as 

dark spots) as can be detected by the naked eye at 100X magnification can be captured. 

 

Figure 4. 8 Optical micrograph 

 

mm 
mm 

Figure 4.9 MATLAB converted 

monochromatic image 

 

Eq. (4.1) utilizes the resolution limitation of the optical microscope to its advantage, as 

only the CNT aggregates detectable by the microscope contribute to its calculation. In other 

words, the aggregates small enough to be undetectable are not included in the calculation. 

The % area of CNT aggregate can be used to indirectly measure the degree of CNT 

dispersion, and therefore was used as a response in the DOE analysis, which is discussed in 

the next section. The average of the responses obtained from three different locations in one 

sample was input to the DOE model.  

 

 



4.3.4 Response Measurement Method 2 – Image Analysis Using SIMAGIS 

Using MATLAB to calculate the percentage of CNT aggregation only provides limited 

information about CNT dispersion. It yields the amount of CNT aggregates that are 

detectable by the optical microscope being used, which lacks information on the sizes of 

individual aggregates and their distribution. Therefore, software SIMAGIS 2007 (supplied 

by Smart Imaging Technologies) was used to further evaluate the dispersion. Through image 

analysis of micrographs, SIMAGIS allows calculations of mean, standard deviation, and 

distribution of CNT aggregate sizes, in addition to the total percentage of CNT aggregates in 

the viewing window. The measures provided by SIMAGIS add to the quantitative 

assessment of the degree and uniformity of CNT dispersion. 

 

 

4.4 Parametric Study and DOE of Electrospraying 

 

4.4.1 Parametric Study 

As a precursor to DOE analysis that is to follow (as described in Section 4.4.2), a 

single-factor parametric study was performed to determine the dominant process parameters 

among those identified in Section 4.2.1 and to determine the factor levels.  In the parametric 

study, each factor was varied one at a time while all the other factors were held constant. As 

this was a preliminary step to more rigorous DOE analyses, % area of CNT aggregate (based 

on MATLAB) was measured as the response. The trend in the response was observed, and 

the factor levels were determined accordingly. The dominant parameters and their factor 

levels thus determined are utilized in the DOE analysis and model derivation. 

 

 



4.4.2 Design of Experiments (DOE) 

Based on the dominant factors and factor levels determined in the parametric study 

(Section 4.4.1), the DOE technique was employed to develop a process model and validate 

the model experimentally. DOE provides the following advantages: 

1. DOE can provide a complete parametric study on main factors and the interaction of 

factors by means of the statistical data and charts. 

2. DOE can allow optimization of our experiments, yielding the process conditions under 

which maximized CNT dispersion can be obtained. 

In this study, commercial software Design Expert 6.0 (supplied by Stat-Ease) was used to 

assist in DOE analysis. 

 

4.5 Validation of DOE Model 

4.5.1 SEM Analysis 

SEM was employed to observe CNT dispersion at higher magnifications (as compared to 

optical microscopy) and validate the dispersion quantifying method used in the study.  

Electrosprayed CNTs were collected on transparent polyethylene films to facilitate sample 

preparation and mounting on the SEM.  Similarities in the micrographs between optical 

microscope and SEM were sought and verified. 

4.5.2 Case Studies  

In order to prove the practical application of the DOE constructed, we designed a method 

to validate our DOE model. First, several “optimized” parameter combinations as predicted 

by Design Expert were selected. Then, electrospraying experiments based on those 

conditions were performed, samples were acquired, and experimental results (or responses) 

were compared with predicted values. 

 



 

 

 

CHAPTER 5 RESULTS AND DISCUSSIONS – PART I: 

PRELIMINARY EXPERIMENTS AND SINGLE FACTOR PARAMETRIC STUDY 

 

 

5.1 Preliminary Experiments 

 

The purpose of the preliminary experiments was to observe the physical phenomena (for 

example, Taylor cone formation, etc.) in electrospraying of CNT suspensions and to 

determine the approximate operating ranges of various process parameters.  The results of 

these experiments were expected to provide reasonable process conditions about which the 

subsequent parametric study can be performed (Section 5.2). Table 5.1 shows the conditions 

that were used for preliminary experiments. 

In the experiments, diluted CNT suspension was loaded in a 10 mL syringe.  The needle 

at the tip of the syringe acted as a charging electrode when the electric field was applied.  

As the suspension was forced out of the syringe at a constant flow rate, the needle was 

electrically charged, typically above 10 kV.  Above a threshold voltage, a Taylor cone 

(Figure 5.1) was formed at the tip of the needle allowing the formation of fine mists of 

suspension, which leads to electrospraying.  Figure 5.2 shows optical micrographs of 

electrosprayed CNTs at 0.65 mg/mL CNT concentration under 25 and 45 kV, indicating that 

a higher voltage allows improved CNT dispersion. 

 

 



Table 5.1 Preliminary parametric study 

Parameter Experiment 1 Experiment 2 

CNT type MWNT MWNT 

CNT concentration 500 mg/L 650 mg/L 

Suspension media 
Distilled water or 

Isopropanol 
Isopropanol 

Applied voltage 25, 35, 45 kV 25, 35, 45 kV 

Needle inner diameter 254 μm 254 μm 

Distance between needle tip and target 
20,30 cm 

(8, 12”) 

20,30 cm 

(8, 12”) 

Target type Microscope slide Microscope slide 

Characterization method Optical microscopy Optical microscopy 

 

 

Figure 5.1 Formation of Taylor cone 

 



 

Figure 5.2 Optical micrograph of electrosprayed CNTs on glass slide under different 

conditions (a) and (b) 

 

 

5.2 Single Factor Parametric Study 

 

As discussed in Section 4.2.1, seven potential factors were considered in the parametric 

study to determine the dominant factors and pave the way for DOE analysis and process 

optimization. 

(2) Flow rate  

(3) Charged needle length  

(4) Charged needle diameter (I.D.) 

(5) Solvent type 

(6) CNT concentration in solvent 

(7) Distance from needle tip to target 

(8) Applied voltage 

Factors (1) CNT type, (9) sonication conditions, and (10) ambient humidity have been 

omitted from the parametric study, as justified in Sections 4.2.2 and 4.2.3. As an exploratory 

 



investigation of the parameter effects, the % area of CNT aggregate was evaluated using 

MATLAB-based image analysis. 

5.2.1 Effect of Flow Rate  

We chose eleven different flow rates (0.01, 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 7 mL/min) and 

fixed the other factors to investigate the effect of flow rate. We captured the optical 

micrographs at various locations in the CNT-sprayed sample (glass slide), measured % area 

of CNT aggregate through image analysis (MATLAB), and took the average. In Figures 5.3 

and 5.4, we can see that when the flow rate is greater than 1 mL/min, the percentage of CNT 

aggregate is higher than 3%, indicating poor dispersion efficiency. However, when the flow 

rates are smaller than 0.1 mL/min, there is not too much difference within the flow rate range. 

We chose flow rates between 0.1-1 mL/min for later experiments.  

        

                                     Figure 5.3 Boxplot of % area of CNT aggregate 

vs flow rate 
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Figure 5.4 Histogram of % area of CNT aggregate vs flow rate 

 

5.2.2 Effects of Needle Size (Length and Inner Diameter) 

There are two factors (3) and (4) that describe needle geometry, length and size (inner 

diameter). We choose three lengths (short: 0.5”, long: 1”, and exlong: 1.5”) and four inner 

diameters (14 gage = 0.06”, 18 gage = 0.033”, 21 gage = 0.02”, and 25 gage = 0.01”). As no 

significant trend was observed (Figures 5.5 and 5.6), needle gage and length were 

determined to be constant factors. As shown in Figures 5.5 and 5.6, S18 (length 0.5”; 18 

gage) was the best combination, and therefore this needle size was used in subsequent 

experiments. 

 



 

Figure 5.5 Boxplot of % area of CNT aggregate vs needle size 
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Figure 5.6 Histogram of % area of CNT aggregate vs needle size 

 

5.2.3 Effects of CNT Concentration and Solvent Type 

Initially, water and isopropanol were candidate solvents. When water is used, significant 

amount of time is needed to be dried after electrospraying, whereas alcohols, such as 

 



isopropanol and methanol, allow much quicker solvent evaporation, resulting in higher 

productivity. Therefore, isopropanol and methanol were chosen as candidate solvents. We 

considered different CNT concentrations (400, 500, 600, 700, 800, 900, 1000, 1100 and 

1200 mg/L). Figure 5.7 indicates that methanol allows a higher CNT concentration at the 

same level of % area of CNT aggregate. (e.g., compare the % area of CNT aggregate at any 

given CNT concentration in Figure 5.7. Methanol always yields lower % area of CNT 

aggregate.) The upper and lower operating levels for methanol were chosen to be 400 and 

1000 mg/L, respectively, for DOE analysis. 
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Figure 5.7 Effect of CNT concentration 

 



5.2.4 Effects of Needle-Target Distance  

 For factor (7), we used five distances (15, 20, 25, 30, 35 cm). As the distance increases, 

the % area of CNT aggregate decreases, indicating smaller CNT aggregates (see Figures 5.8 

and 5.9). Levels 15 and 35 cm were selected as the upper and lower limits for DOE analysis. 

 

         

                               Figure 5.8 Boxplot of % area of CNT aggregate vs             

 needle-target distance 
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Figure 5.9 Histogram of % area of CNT aggregate vs needle-target distance 

 

 

 



5.2.5 Effects of Applied Voltage 

We used five different voltages (10, 15, 20, 25, 30, 35, 40 kV). At 10 kV, electrospraying 

could not be performed successfully (i.e., the CNT solution “dripped” at the needle tip rather 

than electrosprayed). Therefore, the lowest operational voltage was 15 kV. The higher the 

voltage, the lower the % area of CNT aggregate (see Figures 5.10 and 5.11). For safety 

purposes (against corona charging or electrical shock), 30 kV was selected as the high level 

of applied voltage. 

 

                                            Figure 5.10 Boxplot of % area of CNT 

    aggregate vs applied voltage 
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Figure 5.11 Histogram of % area of CNT aggregate vs applied voltage 

 



5.2.6 Summary of Single Factor Parametric Study 

From the single factor parametric study in Sections 5.2.1-5.2.5, we determined the 

operating range (i.e., upper and lower levels) of each factor, which can be utilized for DOE. 

Table 5.2 summarizes the design, constant, and ignored factors. Table 5.3 summarizes the 

experiment factor levels based on which we can structure the DOE. 

 

Table 5.2 Factor table 

Nuisance Factor Potential Design Factor 

Ignored factor 

  Ambient humidity 

Design factor 

  Flow rate 

  CNT concentration 

  Distance from needle tip to target 

  Applied voltage 

Constant factor 

  Sonication level and time 

  Type of CNT 

  Charged needle length 

  Charged needle size (I.D.) 

  Solvent type 

 

Table 5.3 Experimental factor levels 

 
－ ＋ Unit Factor             Level

 
A: Flow rate 0.1 1.0 mL/min 

 B: Concentration 400 1000 mg/L 

 
C: Distance 15 35 cm 

 

 D: Voltage 15 30 kV 

 

 

 

 



 

 

5.3 Determination of Experimental Design 

 

Based on the design factors, this experiment is a 24 factorial design. A 24 full factional 

design was employed, consisting of 16 treatments. In order to obtain an estimate of the 

experimental error and a more precise estimate of the sample mean, four center points were 

added. Table 5.4 is a DOE summary of our experiment, as generated by Design Expert.  

Table 5.4 DOE summary 

 

 

To increase the confidence of our experiment, we used two replications resulting in total 

runs of 16 X 2 = 32. Two blocks were adopted in this experimental design to minimize the 

experimental error, and 18 runs were performed in a day (see Figure 5.12).  

 

 

 

 



Replicate I     Replicate II 

Block 1      Block 2 

     

Figure 5.12 The 24 design with two replications in two blocks.

 



 

 

 

CHAPTER 6 RESULTS AND DISCUSSIONS – PART II: 

DOE-BASED ANALYSIS AND EXPERIMENTAL VALIDATION (MATLAB) 

 

 

6.1 Statistical Analysis 

 

Significant Effects Selection 

From the effects listed Table 6.1, we can clearly see the contribution of the terms to the 

response, % area of CNT aggregate computed using MATLAB. Factors A, B, C, D, AB, AC, 

AD, BC, CD, ABC, and ACD have higher contributions than others. In this study, the 

influences of main effects and two-factor interactions are considered. 

Figure 6.1 presents a half-normal probability plot of the effects estimated from the model. 

The effects of A, B, C, D, AB, AC, AD, BC, and CD are significant, and therefore are 

considered for further analysis. Figure 6.1 also shows factors A, C, and AC are most 

important for the response. 

 

 



 

Table 6.1 List of effects on response, % 

area of CNT aggregate (MATLAB) 

 

Figure 6.1 Half-normal plot of factor effects on 

response, % area of CNT aggregate (MATLAB) 

 

ANOVA Table and Summary Statistics 

The ANOVA in Table 6.2 may be used to confirm the magnitude of the effect. The Model 

F-value of 26.08 implies the model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. In this case A, B, C, D, AB, AC, AD, 

BC, CD are significant model terms. We can conclude the four main effects are highly 

significant to the % area of CNT aggregate. 

The "Curvature F-value" of 2.63 implies the curvature (as measured by difference between 

the average of the center points and the average of the factorial points) in the design space is 

not significant relative to the noise.  There is a 11.79% chance that a "Curvature F-value" 

this large could occur due to noise. This model is a linear model. 

The "Lack of Fit F-value" of 6.08 implies the Lack of Fit is not significant relative to the 

pure error.  There is a 15.07% chance that a "Lack of Fit F-value" this large could occur due 

to noise. Non-significant lack of fit is good – we want the model to fit. This result also 

implies the model fits the first order linear model, and therefore we do not need to test the 

second order model.  

 



Table 6.2 Analysis of variance, % area of CNT aggregate (MATLAB) 

 

 

 

2
R , Adj- 2

R  and Pred- 2
R  are 0.9072, 0.8725, and 0.7897 respectively. The Pred- 2

R  is 

in reasonable agreement with the Adj- 2
R . "Adeq Precision" measures the signal-to-noise 

ratio. The obtained ratio of 17.35 indicates an adequate signal. 

 

 

Final Model 

The DOE-based models in terms of coded factors and actual factors are shown in Eqs. (6.1) 

and (6.2). 

 



Final Equation in Terms of Coded Factors: 

% area of CNT aggregate = +7.14 + 6.32A + 2.25B – 5.29C – 1.84D  

+ 2.26AB – 5.19AC – 1.87AD – 1.51BC + 2.10CD 
Eq. (6.1)

 

Final Equation in Terms of Actual Factors:  

 % area of CNT aggregate = 

+3.60 + 43.64(Flow Rate) + 0.01(Concentration) – 0.17(Distance)  

– 0.64(Voltage) + 0.02(FlowRate)(Concentration) Eq. (6.2)

– 1.15(FlowRate)(Distance) – 0.55(FlowRate)(Voltage) 

– 5.03E-004(Concentration)(Distance) + 0.03(Distance)(Voltage) 

 

Sensitivity analysis can be performed using the DOE-based equation above. If we do not 

calculate the interation influence, then 

Increase per 0.1 mL/min Flow rate → % area of CNT aggregate increases by 4.36% 

Increase per 100 mg/L Concentration → % area of CNT aggregate increases by 1.09% 

Increase per 1 cm Distance → % area of CNT aggregate decreases by 0.17% 

Increase per 1 kV Voltage → % area of CNT aggregate decreases by 0.64%. 

Diagnostics 

In the normal probability plot in Figure 6.2(a), the points lie reasonably close to a straight 

line, supporting our hypothesis that A, B, C, D, AB, AC, AD, BC, and CD are the significant 

effects and that the underlying assumptions of the analysis are satisfied. In the plot of the 

residuals versus the predicted value  (Figure 6.2(b)), we can confirm the residuals have a 

constant variance. 
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 (a)                                   (b)  

 

(c)                     (d)                       (e) 

 

(f)                     (g)                       (h) 

 

Figure 6.2 Diagnostics of % area of CNT aggregate (MATLAB): (a) Normal 

probability plot of the residuals; (b) Residuals vs predicted value; (c) Residuals vs Runs; 

(d) Residuals vs Flow Rate; (e) Residuals vs Concentration; (f) Residuals vs Distance; (g) 

Residuals vs Voltage; and (h) Outlier 

 

 



         

 (i)                               (j) 

 

 (k) 

Figure 6.2 continued -- Diagnostics of % area of CNT aggregate (MATLAB): (i) Cook’s Distance; (j) 

Leverage vs Run; and (k) Box-Cox Plot 

 

From Figure 6.2(c), Std order 19 has the highest residuials among all Std orders. Figures 

6.2(d)-(g) show residuals versus individual factors . The residuals in center are smaller in 

most cases. Figure 6.2(h) shows Std order 19 is close to the boundary, but every point is in 

the range. Therefore, we have more confidence that the data we collected are reasonable and 

that there are no unusual points in our model. All Cook’s Distances were less than one 

(Figure 6.2(i)), which means none has a considerable influence. The Box-Cox plot (Figure 

6.2(k)) recommends us to do inverse square root transformation. 

 

 



Transform 

As recommended by the Box-Cox plot of the original model, we run the transform as 

follows. 

 

Table 6.3 List of effect after transform,% 

area of CNT aggregate (MATLAB) 

 

Figure 6.3 Half-normal plot of factor effects 

after transform, % area of CNT aggregate 

(MATLAB) 

 

Transform – Significant Effects Selection 

From the effects listed in Table 6.3, we can clearly see the contributions of the terms to the 

response. Factors A, B, C, AB, AC, AD, BC and ABD have higher contributions, larger than 

0.5%. Figure 6.3 presents a half-normal probability plot of factor effects estimated from the 

model. The straight line on the half-normal plot always passes through the origin. We will 

not consider three-factor interactions in our model, and therefore the effects of A, B, C, D, 

AB, AC, AD, and BC are selected to perform further analysis. Comparing this plot to 

Figures 6.1 and 6.3, we can easily find the transform model shows only minimal 

improvement. 

 

 

 



Transform – ANOVA Table and Summary Statistics 

The ANOVA in Table 6.4 may be used to confirm the magnitude of the effect. The Model 

F-value of 34.29 implies the model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. In this case, A, B, C, AB, AC, and 

center points are significant model terms. We can conclude the main effects A, B, and C 

significantly affect the % area of CNT aggregate. Although factor D is comparatively less 

significant to the response, this term is kept to enhance the accuracy of the model. 

The "Curvature F-value" of 14.04 implies there is significant curvature (as measured by 

difference between the average of the center points and the average of the factorial points) in 

the design space.  There is only a 0.10% chance that a "Curvature F-value" this large could 

occur due to noise. 

The "Lack of Fit F-value" of 0.95 implies the Lack of Fit is not significant relative to the 

pure error.  There is a 63.62% chance that a "Lack of Fit F-value" this large could occur due 

to noise. Non-significant lack of fit is a good result that we want the model to fit. This result 

also implies this model fits the first order linear model, which exempts us from having to test 

the second order model.  

 

 

 

 

 

 

 

 

 



Table 6.4 Analysis of variance after transform, % area of CNT aggregate (MATLAB) 

 

 

 

2
R , Adj- 2

R , and Pred- 2
R  are 0.9165, 0.8897, and 0.8341, respectively, which means 

this model accounts for the variability in y. These statistical data are slightly better than the 

original model ( 2
R  = 0.9072, Adj- 2

R  = 0.8725 and Pred- 2
R  = 0.7897). The Pred- 2

R  is 

in reasonable agreement with the Adj- 2
R . "Adeq Precision" measures the signal-to-noise 

ratio. Our ratio of 15.966 indicates an adequate signal. 

Transform – Final Model 

The DOE-based models in terms of coded factors and actual factors after transform are 

shown in Eqs. (6.3) and (6.4). 

 



Final Equation in Terms of Coded Factors: 

 1.0/Sqrt(% area of CNT aggregate)  = 

+0.80 – 0.32A – 0.05B + 0.14C + 0.02D 

– 0.06AB + 0.08AC + 0.03AD – 0.03BC 

Eq. (6.3)

 

Final Equation in Terms of Actual Factors:  

 1.0/Sqrt(% area of CNT aggregate) = 

+0.96 – 1.10(Flow Rate) + 2.97E-004(Concentration) 

+ 0.01 (Distance) – 3.31E-003(Voltage) 

– 4.23E-004(Flow Rate)(Concentration) Eq. (6.4)

+ 0.02(Flow Rate)(Distance) 

+ 9.62E-003(Flow Rate)(Voltage) 

– 9.48E-006(Concentration)(Distance) 

 

Transform – Diagnostics 

In the normal probability plot (Figure 6.4(a)), the points approach to a straight line, lending 

support to our hypothesis that A, B, C, D, AB, AC, AD, and BC are the significant effects 

and that the underlying assumptions of the analysis are satisfied. In the plot of the residuals 

versus the predicted value  (Figure 6.4(b)), we can confirm the residuals have a constant 

variance. From Figure 6.4(c), Std order 31 has a slightly higher residuial than the others. 

Figures 6.4(d)-(g) show residuals versus individual factors. The residuals in center are 

smaller in most cases. Figure 6.4(h) shows Std order 31 is close to the boundary, but every 

point is in the range. Therefore, we have greater confidence that the data we collected are 

reasonable and that there are no unusual points in our model. All Cook’s Distance were less 

than one (Figure 6.4(i)), indicating none has a considerable influence. The Box-Cox plot is 

also shown in Figure 6.4(k). 
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(a)                                  (b) 

 

(c)                     (d)                      (e)  

 

           (f)                     (g)                      (h)  

 

Figure 6.4 Diagnostics of % area of CNT aggregate (MATLAB) after transform: (a) 

Normal probability plot of the residuals; (b) Residuals vs predicted value; (c) Residuals 

vs Runs;; (d) Residuals vs Flow Rate; (e) Residuals vs Concentration; (f) Residuals vs 

Distance; (g) Residuals vs Voltage; and (h) Outlier 

 



         

(i)                             (j) 

 

 (k)  

Figure 6.4 continued -- Diagnostics of % area of CNT aggregate (MATLAB) after transform: (i) 

Cook’s Distance; (j) Leverage vs Run; and (k) Box-Cox Plot 

 

The model transform resulted in little improvement over the original model. (Main factor 

applied voltage “weakened” due to transform.) Thus, the original final model (Eqs (6.1) and 

(6.2)) is adopted. 

 

 

 

 

 

 

 



 

 

6.2 Experimental Validation of DOE Model 

 

6.2.1 Selection of Process Parameter Combinations 

As a precursory step for experimental validation of the DOE-based model, Design Expert 

was utilized to generate process conditions that were used to execute electrospraying 

experiments. The predicted and experimentally measured % areas of CNT aggregate were 

compared for model validation. 

From the previous analysis, we already know flow rate has the largest influence on % area 

of CNT aggregate. As the flow rate decreases, the % area of CNT aggregate decreases. Thus, 

we choose the goal of the flow rate factor to be a minimum in the optimization process. In 

order to save the manufacturing time, we want to maximize CNT concentration up to the 

level the dispersion is acceptable. We set the goal of the CNT concentration factor to be a 

maximum and change the importance to 5. Factor importance is the specified importance 

value for a factor in relation to the other factors and responses, and the default value is 3. If it 

is more critical to achieve the goal of a factor or response than another, a higher importance 

is designated to that factor or response. The goals of the other two factors, needle-target 

distance and applied voltage, were chosen within their operating ranges. The predicted 

optimization points that minimize % area of CNT aggregate, as generated by Design Expert, 

are shown in Table 6.6. 

 

 

 

 



Table 6.5 Solution as generated by Design Expert 6.0 

 

Form Table 6.5, it is suggested that Solution 1 is the best that results in minimum % area 

of CNT aggregate. Contour and 3D response surface plots (Figures 6.5 and 6.6) provide the 

location of the predicted optimization solutions in this model.  

  

Figure 6.5 Contour plot of Solution 1 Figure 6.6 3D plot of Solution 1 

 



6.2.2 Point Prediction 

From Table 6.6, we can see the confidence of every response. This scale can help us 

predict a new point, if we want to add a new observation. It also provides us with a direction 

to predict the entire confidence. 

Table 6.6 Predictions of factors 

 

 

6.2.3 Experimental Validation 

The DOE model developed in Section 6.1 was validated experimentally by obtaining and 

analyzing ten CNT electrosprayed samples using the conditions as generated by Design 

Expert (Table 6.5). CNT dispersion experiments were performed using the combinations of 

electrospraying parameters (CNT concentration, flow rate, needle-target distance, and 

applied voltage), and the measured response (% area of CNT aggregate area) was compared 

with the value predicted by the DOE model. 

Using Eq.6.2, we calculated the predicted fit value for the ten recommended combination 

solutions within the range of 90% prediction limit. From the experiments, we obtained the 

responses, which were within 90% prediction interval (Table 6.7), which validates the 

accuracy of the DOE model. In Figure 6.7, the responses of the ten combinations lower than 

0.2 % area of CNT aggregate also validate the DOE model. 

 



         Table 6.7 Data of optimal solutions as generated by Design Expert 

 90% PI 
Response Avg 

(Experimental) 
Predicted FIT

1 -1.48 (-9.34, 6.37) 0.134 

2 -1.84 (-9.72, 6.04) 0.086 

3 0.38 (-7.53, 8.28) 0.137 

4 -1.91 (-9.74, 5.93) 0.093 

5 -1.90 (-9.80, 6.00) 0.153 

6 -0.56 (-8.18, 7.06) 0.060 

7 0.59 (-7.19, 8.36) 0.073 

8 0.51 (-7.24, 8.26) 0.067 

9 0.48 (-7.23, 8.19) 0.031 

10 2.25 (-5.60, 10.09) 0.053 
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Figure6.7 Responses of 10 recommended optimal solutions 

 

 

 



 

 

6.3 Summary 

 

From the previous analysis, it can be concluded that flow rate has the highest influence on 

% area of CNT aggregate in electrospraying, which suggests that setting the flow rate low is 

the key. From the “half-normal plot of the factor effects” of the model, we can see CNT 

concentration, needle-target distance, and applied voltage are also the main factors in our 

model. All the four factors have some degrees of influence on the % area of CNT aggregate. 

However, in the transformed model the contribution of voltage appears much smaller than 

the pre-transformed case. This is probably because voltage is not as influential as the other 

three factors. Retaining voltage in the DOE model is still expected to provide some benefits 

in terms of model accuracy, and therefore it will be retained in the model. 

In this design of experiments, we had 2 replications and 2 blocks which greatly improved 

model accuracy. From the blocks assigned (Figure 5.12), it can be seen that Blocks 1 and 2 

run the same combinations of factors, the full 24 model. This can compensate for the 

potential experimental errors. The validation of the feasible optimization solutions proofs we 

can apply our experiment model to predict the % area of CNT aggregate, which can serve as 

an indirect method of assessing the degree of CNT dispersion and reach a high quality CNT 

dispersion using electrospraying.  However, there is a strong need to develop direct 

methods to quantify the quality of CNT dispersion using the information obtained from the 

dimensions of individual CNT aggregates, which is discussed in detail in Chapter 7. 

 



 

 

 

CHAPTER 7 RESULTS AND DISCUSSIONS – PART III: 

DOE-BASED ANALYSIS AND EXPERIMENTAL VALIDATION (SIMAGIS) 

 

 

7.1 Comparison between MATLAB- and SIMAGIS-Based Analyses 

 

In order to compare the image analysis results from MATLAB and SIMAGIS, one of the 

one-factor experiments, the effect of needle-target distance, was selected. The same 

micrograph (Section 5.2.3) was employed to perform the image analysis using MATLAB 

and SIMAGIS. The box plots in Figures 7.1 and 7.2 show similar tendencies and indicate 

large needle-target distance helps reduce % are of CNT aggregate.  

   

Figure 7.1 Distance effect (MATLAB) Figure 7.2 Distance effect (SIMAGIS) 

 

 



Figure 7.3 shows the box plot of standard deviation (StDev) of CNT aggregate sizes, which 

is an indicator of their uniformity. Figures 7.4 and 7.5 are two representative micrographs 

illustrating high and low CNT aggregate size StDev (or nonuniform and uniform CNT 

dispersion), respectively. 

 

 

Figure 7.3 Distance effect on StDev of CNT aggregate size by SIMAGIS 

 

 

Figure 7.4 High StDev - Distance 15 cm 

 

Figure 7.5 Low StDev - Distance 35 cm 

 

 

 

 

 



7.2 Application of SIMAGIS to DOE and Introduction of Measures of CNT Dispersion 

The previous sections provide evidence that image analysis of electrosprayed CNT samples 

using SIMAGIS provides more information than the MATLAB analysis technique, as 

SIMAGIS allows calculation of individual CNT aggregate sizes (in terms of areas in ). 

SIMAGIS was used to repeat the DOE as constructed in Section7.3. In addition to “% area 

of CNT aggregate,” which is an indirect measure of the overall degree of CNT dispersion, 

three additional responses were employed: standard deviation (StDev) of CNT aggregate size, 

average of log values of CNT aggregate size, and log value of maximum CNT aggregate size.  

2
mμ

The tendency of % area of CNT aggregate over DOE treatments (or standard orders) is 

shown in Figure 7.6. Also, the tendencies of StDev and mean of CNT aggregate size are 

shown in Figures 7.7 and 7.8, respectively. It can be seen that these three figures show 

similar tendencies. In all cases, high quality CNT dispersion – in terms of both the degree 

and uniformity of dispersion – is marked by low % area of CNT aggregate, and low StDev 

and mean of CNT aggregate size. 

 

 

Figure 7.6 % area of CNT aggregate according to DOE 

 



 

Figure 7.7 StDev of CNT aggregate size according to DOE 

 

 

Figure 7.8 Average of CNT aggregate size according to DOE 

 

In order to observe the differences among various electrospraying conditions, we plotted 

the CNT aggregate size distributions of the seventeen standard orders (Std orders) as 

generated by the DOE. Two representative cases (Std orders 4 (poor dispersion) and 5 (good 

dispersion)) are shown in Figures 7.9 and 7.10. The y-axis represents the frequency, and the 

 



x-axis represents the actual aggregate area in . Both Std orders exhibit highly skewed 

tendencies. In the case of poor dispersion (Figure 7.9), high frequencies are observed at large 

aggregate size ranges, and the mean and standard deviations are high accordingly. In other 

words, under poor dispersion, the frequency of large CNT aggregates (greater than 1300 

) is high.  
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The StDev of CNT aggregate size helps us understand the uniformity of CNT dispersion. 

However, it has its own limitation. If the micrograph includes several large-sized CNT 

aggregates with nearly equal sizes, the StDev of CNT aggregates will be small although the 

aggregates are large. In other words, it only provides information on size uniformity 

regardless of the sizes of individual CNT aggregates. In order to complement StDev of CNT 

aggregates, log value of maximum CNT aggregate size was employed. The tendency of log 

value of maximum CNT aggregate size based on DOE is shown in Figure 7.11. Table 7.1 is 

the model summary of a new DOE based on the three measures of CNT dispersion – 

standard deviation (StDev) of CNT aggregate size, average of log values of CNT aggregate 

size, and log value of maximum CNT aggregate size. 

 

 

Figure 7.9 CNT aggregate size distribution 

(Std order 4) 

                           

 

 

 

 

 

Figure 7.10 CNT aggregate size distribution 

(Std order 5) 
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Figure 7.11 Log value of maximum CNT aggregate size based on DOE 

  

Table 7.1 Design summary for modified DOE 

 

 

 



 

 

7.3 Application of SIMAGIS to Statistical Analysis of DOE Model 

 

7.3.1 Response 1: % Area of CNT Aggregate 

Significant Effects Selection 

From the effects listed in Table 7.2, we only considered the influences of main effects and 

two-factor interactions. Figure 7.12 presents a half-normal probability plot of the effect 

estimated from the model. The effects of A, B, C, D, AB, AC, AD, BC, and CD are 

significant, and therefore are chosen for further analysis. Figure 7.12 also indicates factors A, 

C, and AC are most important for the response, % area of CNT aggregate. According to 

Table 6.1 and Figure 6.1, we selected the same main effects and two-factor interactions as in 

the original DOE model (Table 6.1). The additional measures of CNT dispersion quality 

show similar tendencies. 

Table 7.2 List of effects, Response 1 

(SIMAGIS) 

 

 

Figure 7.12 Half-normal plot of factor effects, 

Response 1 (SIMAGIS) 

 

 

 



ANOVA Table and Summary Statistics 

The ANOVA in Table 7.3 may be used to confirm the magnitude of the effect. The Model 

F-value of 27.91 implies the model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. In this case A, B, C, D, AB, AC, AD, 

BC, CD are significant model terms. We can conclude the four main effects are highly 

significant to % area of CNT aggregate area.  

 

Table 7.3 Analysis of variance, Response 1 (SIMAGIS) 

 

 

 



The "Curvature F-value" of 3.05 implies the curvature (as measured by the difference 

between the average of the center points and the average of the factorial points) in the design 

space is not significant relative to the noise.  There is a 9.37% chance that a "Curvature 

F-value" this large could occur due to noise. This model is a linear model. 

The "Lack of Fit F-value" of 4.86 implies the Lack of Fit is not significant relative to the 

pure error.  There is a 18.45% chance that a "Lack of Fit F-value" this large could occur due 

to noise. Non-significant lack of fit is good – we want the model to fit. This result also 

implies this model fits the first order linear model, and therefore we do not need to test the 

second order model. 2
R , Adj- 2

R  and Pred- 2
R  are 0.9128, 0.8801, and 0.8026 respectively. 

The Pred- 2
R  is in reasonable agreement with the Adj- 2

R . "Adeq Precision" measures the 

signal-to-noise ratio. The obtained ratio of 17.569 indicates an adequate signal. 

 

Final Model 

The DOE-based models in terms of coded factors and actual factors are shown in Eqs. (7.1) 

and (7.2). 

  

Final Equation in Terms of Coded Factors: 

Percentage of CNT Aggregate Area = +7.80 + 7.57A + 2.72B  

– 6.37C –1.86D + 2.71AB – 6.27AC – 1.90AD – 1.94BC + 2.11CD 
Eq. (7.1)

 

Final Equation in Terms of Actual Factors:  

 Percentage of CNT Aggregate Area = 

0.12 + 50.22(FlowRate) + 0.014(Concentration) 

– 0.05(Distance) – 0.64(Voltage) 
Eq. (7.2)

+ 0.02(Flow Rate)(Concentration) – 1.39(Flow Rate)(Distance) 

– 0.56(FlowRate)(Voltage) – 6.46E-004(Concentration)(Distance) 

+ 0.03(Distance)(Voltage) 

 

 



If we do not calculate the interation influence, then 

Increase per 0.1 mL/min Flow rate → % area of CNT aggregate increases by 5.02% 

Increase per 100 mg/L Concentration → % area of CNT aggregate increases by 1.42% 

Increase per 1 cm Distance → % area of CNT aggregate decreases by 0.05 % 

Increase per 1 kV Voltage → % area of CNT aggregate decreases by 0.64% 

 

Diagnostics 

From Figure 7.13(a), the points on this plot lie reasonably close to a straight line, lending 

support to our conclusion that A, B, C, D, AB, AC, AD, BC, and CD are the significant 

effects and that the underlying assumptions of the analysis are satisfied. 

             

  (a)                                  (b)  

             

(c)                                 (d) 

Figure 7.13 Diagnostics of Response 1, % area of CNT aggregate (SIMAGIS): (a) 

Normal probability plot of the residuals; (b) Residuals vs predicted value; (c) Residuals 

vs Runs; and (d) Outlier 

 



 

 (e) 

Figure 7.13 continued -- Diagnostics of Response 1, % area of CNT aggregate (SIMAGIS): (e) 

Box-Cox Plot 

 

In Figure 7.13(c), Std order 19 has higher residuials than the others. Figure 7.13(d) shows 

Std order 19 is on the boundary and the other points are in the range; therefore, Std order 19 

was removed. The Box-Cox plot (Figure 7.13(e)) recommends us to perform log 

transformation. However, based on the results obtained from the log transform analysis 

performed on MATLAB-based image analysis (Section 6.1), this step is eliminated. 

 

7.3.2 Response 2: Standard Deviation (StDev) of CNT Aggregate Size 

Significant Effects Selection  

From the effects listed Table 7.4, we only consider the influences of main effects and 

two-factor interactions. Figure 7.14 presents a half-normal probability plot of the effect 

estimated from the model. The effects of A, C, D, AC, AD, and CD are significant, and 

therefore they are chosen for further analysis. Figure 7.14 also explains factors A, C, and AC 

are most important for the StDev of CNT aggregate size. Factor B is relatively insignificant 

for this response. 

 

 



Table 7.4 List of effects, Response 2 

(SIMAGIS)  

 

 

Figure 7.14 Half-normal plot of factor effects, 

Response 2 (SIMAGIS) 

 

Diagnostics 

From Figure 7.15(a) and 7.15(b), there are clearly problems with normality and equality of 

variance. A data transform is often used to deal with such problems. The Box-Cox plot in 

Figure 7.15(c) recommends log transformation. 

             

  (a)                                   (b)  

Figure 7.15 Diagnostics of Response 2, StDev of CNT aggregate size (SIMAGIS): (a) 

Normal probability plot of the residuals; and (b) Residuals vs predicted value 

 



 

 (c) 

Figure 7.15 continued -- Diagnostics of Response 2, StDev of CNT aggregate size (SIMAGIS): (c) 

Box-Cox Plot 

 

Transform – Significant Effects Selection  

We only consider the influences of main effects and two-factor interactions. Figure 7.16 

presents a half-normal probability plot of the effects estimated from the model. The effects 

of A, C, and AD are significant, and therefore they are chosen for further analysis.  

 

Figure 7.16 Half-normal plot of factor effects, transformed Response 2 (SIMAGIS) 

 

Transform – ANOVA Table and Summary Statistics 

The ANOVA in Table 7.5 may be used to confirm the magnitude of the effect. The Model 

F-value of 36.68 implies the model is significant. There is only a 0.01% chance that a 

 



"Model F-Value" this large could occur due to noise. In this case, A, C, and AD are 

significant to the StDev of CNT aggregate size. 

 

Table 7.5 Analysis of variance, Response 2 (SIMAGIS) 

 

 

   

The "Curvature F-value" of 12.11 implies there is significant curvature in design space 

relative to the noise.  There is a 0.16% chance that a "Curvature F-value" this large could 

occur due to noise. The "Lack of Fit F-value" of 4.68 implies the Lack of Fit is not 

significant relative to the pure error.  There is a 19.1% chance that a "Lack of Fit F-value" 

this large could occur due to noise. Non-significant lack of fit is good – we want the model 

to fit. This result also implies this model fit the first order linear model, and therefore we do 

 



not need to test the second order model. 2
R , Adj- 2

R  and Pred- 2
R  are 0.8422, 0.8204, and 

0.7763 respectively. The Pred- 2
R  is in reasonable agreement with the Adj- 2

R . "Adeq 

Precision" measures the signal-to-noise ratio. The obtained ratio of 15.208 indicates an 

adequate signal. 

 

Transform – Final Model 

The DOE-based models in terms of coded factors and actual factors are shown in Eqs. (7.3) 

and (7.4).  

  

Final Equation in Terms of Coded Factors: 

log(StDev of CNT Aggrgate Size) =  

2.92 + 0.97A – 0.42C – 0.08D – 0.25AD 
Eq. (7.3)

 

Final Equation in Terms of Actual Factors:  

 log(StDev of CNT Aggrgate Size) = 

2.09 + 3.84(FlowRate) – 0.04 (Distance) Eq. (7.4)

+ 0.03(Voltage) – 0.07(Flow Rate)(Voltage) 

 

Transform – Diagnostics 

In Figure 7.17(a), the points on this plot lie reasonably close to a straight line, lending 

support to our conclusion that A, C, and AD are the significant effects and that the 

underlying assumptions of the analysis are satisfied. From Figure 7.17(b) and 7.17(c), Std 

order 27 has higher residuials than others, even greater than 3. Figure 7.17(d) also shows Std 

order 27 is out of the boundary and other points are in the range. Therefore, we considered 

Std order 27 is an unusual point in our model, and it was removed. The Box-Cox plot (Figure 

7.17(e)) estimates the log transformation.  

 

 



           

  (a)                                (b)  

           

(c)                               (d) 

 

 (e) 

Figure 7.17 Diagnostics of log transformed Response 2, StDev of CNT aggregate size 

(SIMAGIS): (a) Normal probability plot of the residuals; (b) Residuals vs predicted 

value; (c) Residuals vs Runs; (d) Outlier; and (e) Box-Cox Plot 

 

 

 

 

 



7.3.3 Response 3: Average of CNT Aggregate Size 

Significant Effects Selection  

From the effects listed Table 7.6, we only consider the influences of main effects and 

two-factor interactions. Figure 7.18 presents a half-normal probability plot of the effect 

estimated from the model. The effects of A, C, D, AC, AD, and CD are significant, and 

therefore they are chosen for further analysis. These significant effects are identical to those 

for Response 2, StDev of CNT aggregate size. 

 

Table 7.6 List of effects, Response 3 

(SIMAGIS ) 

 

 

Figure 7.18 Half-normal plot of factor effects, 

Response 3 (SIMAGIS) 

 

Diagnostics 

From Figures 7.19(a) and 7.19(b), there are clearly problems with normality and equality 

of variance. A data transform is often used to deal with such problems. The Box-Cox plot in 

Figure 7.19(c) recommends log transformation. 

 



             

  (a)                                   (b)  

 

 

 (c) 

Figure 7.19 Diagnostics of Response 3, average of CNT aggregate size (SIMAGIS): (a) 

Normal probability plot of the residuals; (b) Residuals vs predicted value; and (c) 

Box-Cox Plot 

 

Transform – Significant Effects Selection  

We only consider the influences of main effects and two-factor interactions. Figure 7.20 

presents a half-normal probability plot of the effect estimated from the model. The effects of 

A, B, C, D, AC, and AD are significant, and therefore they are chosen for further analysis.  

 

 

 

 

 



 

Figure 7.20 Half-normal plot of factor effects, transformed Response 3 (SIMAGIS) 

 

Transform – ANOVA Table and Summary Statistics 

The ANOVA in Table 7.7 may be used to confirm the magnitude of the effect. The Model 

F-value of 27.48 implies the model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. In this case A, B, C, D, AC , AD, and 

center point are significant to the average of CNT aggregate size. 

The "Curvature F-value" of 9.2 implies there is significant curvature in design space 

relative to the noise.  There is a 0.53 % chance that a "Curvature F-value" this large could 

occur due to noise. The "Lack of Fit F-value" of 110.28 implies the Lack of Fit is significant. 

There is a 0.9.% chance that a "Lack of Fit F-value" this large could occur due to noise. 

Significant lack of fit is bad – we want the model to fit. 2
R , Adj- 2

R  and Pred- 2
R  are 

0.8593, 0.8280, and 0.7632 respectively. The Pred- 2
R  is in reasonable agreement with the 

Adj- 2
R . "Adeq Precision" measures the signal-to-noise ratio. The obtained ratio of 15.208 

indicates an adequate signal. 

 

 

 

 



Table 7.7 Analysis of variance, Response 3 (SIMAGIS) 

 

 

 

Transform – Final Model 

The DOE-based models in terms of coded factors and actual factors are shown in Eqs. (7.5) 

and (7.6).   

Final Equation in Terms of Coded Factors: 

log(Average of CNT Aggregate Size) =  

+2.27 + 0.72A + 0.16B – 0.31C – 0.17D – 0.17AC – 0.26AD 
Eq. (7.5)

 

Final Equation in Terms of Actual Factors:  

 log(Average of CNT Aggregate Size)= 

+0.86 + 4.25(Flow Rate) + 5.29E-004(Concentration) 
Eq. (7.6)

– 0.01(Distance) + 0.02(Voltage) – 0.04(FlowRate)(Distance) 

– 0.08(Flow Rate)(Voltage) 

 



Transform – Diagnostics 

In Figure 7.21(a), the points on the plot lie reasonably close to a straight line, lending 

support to our conclusion that A, B, C, D, AC, and AD are the significant effects and that the 

underlying assumptions of the analysis are satisfied. From Figures 7.21(b) and 7.21(c), Std 

order 31 has higher residuials than others, even greater than 3. Figure 7.21(d) also shows Std 

order 31 is out of the boundary and other points are in the range. Therefore, we consider Std 

order 31 is an unusual point in our model, and therefore it is removed. The Box-Cox plot 

(Figure 7.21(e)) estimates the log transformation.  

 

           

  (a)                                (b)  

              

(c)                               (d) 

Figure 7.21 Diagnostics of log transformed Response 3, average of CNT aggregate size 

(SIMAGIS): (a) Normal probability plot of the residuals; (b) Residuals vs predicted 

value; (c) Residuals vs Runs; and (d) Outlier 

 



 

 (e) 

Figure 7.21 continued -- Diagnostics of log transformed Response 3, average of CNT aggregate size 

(SIMAGIS): (e) Box-Cox Plot 

 

7.3.4 Response 4: Log Value of Maximum CNT Aggregate Size 

Significant Effects Selection  

From the effects listed in Table 7.8, we only consider the influences of main effects and 

two-factor interactions. Figure 7.22 presents a half-normal probability plot of the effect 

estimated from the model. The effects of A, B, C, and AD are significant, and therefore are 

chosen for further analysis. Figure 7.22 also indicates factors A and C are most important for 

the response, log value of maximum CNT aggregate size.  

Table 7.8 List of effects, Response 4 

(SIMAGIS) 

 

 

Figure 7.22 Half-normal plot of factor effects, 

Response 4 (SIMAGIS) 

 

 



ANOVA Table and Summary Statistics  

The ANOVA in Table 7.9 may be used to confirm the magnitude of the effect. The Model 

F-value of 39.37 implies the model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. In this case A, B, C, ,and AD are 

significant model terms to the log value of maximum CNT aggregate size.  

 

Table 7.9 Analysis of variance, Response 4 (SIMAGIS) 

 

 

   

The "Curvature F-value" of 13.60 implies there is significante curvature in design space 

relative to the noise.  There is a 0.10% chance that a "Curvature F-value" this large could 

occur due to noise. The "Lack of Fit F-value" of 1.77 implies the Lack of Fit is not 

 



significant relative to the pure error.  There is a 42.51% chance that a "Lack of Fit F-value" 

this large could occur due to noise. Non-significant lack of fit is good – we want the model 

to fit. This result also implies this model fits the first order linear model, and therefore we do 

not need to test the second order model. 2
R , Adj- 2

R  and Pred- 2
R  are 0.8755, 0.8532, and 

08079, respectively. The Pred- 2
R  is in reasonable agreement with the Adj- 2

R . "Adeq 

Precision" measures the signal-to-noise ratio. The obtained ratio of 17.157 indicates an 

adequate signal. 

 

Final Model 

The DOE-based models in terms of coded factors and actual factors are shown in Eqs. 7.7 

and 7.8. 

 

Final Equation in Terms of Coded Factors: 

log(Max CNT Aggregate Size) =  

4.05 + 1.01A + 0.18B – 0.48C – 0.02D – 0.17AD 
Eq. (7.7)

 

Final Equation in Terms of Actual Factors:  

 log(Max CNT Aggregage Size) = 

3.04 + 3.37(FlowRate) + 5.92E-004(Concentration) Eq. (7.8)

– 0.05(Distance) + 0.03(Voltage) – 0.05(Flow Rate)(Voltage) 

 

Diagnostics 

In Figure 7.23(a), the points on the plot lie reasonably close to a straight line, lending 

support to our conclusion that A, B, C, and AD are the significant effects and that the 

underlying assumptions of the analysis are satisfied. In Figure 7.23(b)-(d), the points lie 

within a reasonable range. The Box-Cox plot (Figure 7.23(e)) estimates that no 

transformation is necessary for this model. 

 



             

   (a)                                 (b)  

             

(c)                                 (d) 

 

 (e) 

Figure 7.23 Diagnostics for Response 4, log value of maximum CNT aggregate size 

(SIMAGIS): (a) Normal probability plot of the residuals; (b) Residuals vs predicted 

value; (c) Residuals vs Runs; (d) Outlier; and (e) Box-Cox plot 

 

 

 

 

 



7.4 Summary 

 

In this chapter, SIMAGIS was employed as an alternative tool to graphically measure the 

degree and uniformity of electrosprayed CNT dispersion, namely, standard deviation and 

mean of CNT aggregate size and log value of maximum CNT aggregate size. The 

similarities in the results generated by MATLAB- and SIMAGIS-based image analyses (on 

% area of CNT aggregate) indicate that both methods are capable of providing effective 

means to estimate the degree of CNT dispersion produced from electrospraying. Four factors, 

flow rate, concentration, needle-target distance, and applied voltage are significant, but 

applied voltage is relatively less important than the other factors. 

The analysis on log-transformed standard deviation of CNT aggregate size yielded a 

reasonable model to show the significance of flow rate, needle-target distance, and 

two-factor interaction between flow rate and applied voltage. CNT concentration has a 

relatively small effect on CNT dispersion uniformity, It is recommended that small flow rate 

and large needle-target distance be maintained to ensure small standard deviation of CNT 

aggregate size (or highly uniform CNT dispersion). The analysis on another response, log 

value of maximum CNT aggregate size, suggested that flow rate, CNT concentration, and 

distance are influential on the maximum CNT aggregate size.  

 



 

 

 

CHAPTER 8 APPLICATION OF CNT COATING USING ELECTROSPRAYING 

 

 

Based on the effects of and the relationships between dominant process parameters, the 

quality of CNT dispersion can be controlled in electrospraying. One viable area of 

application is uniform coating of substrates with CNTs.  Well dispersed CNT coatings can 

provide conductive (and possibly transparent) coatings with controlled thickness that can be 

used in flexible, lightweight display application.  An added feature is that the CNT 

electrospraying can be performed at room temperature, which can expand the range of 

substrate materials that can be used (i.e., the substrates do not need to be heated, allowing the 

use of low melting point materials). 

 

 

8.1 Development of Conductive CNT Coating 

 

Our experimental setup was used to coat nylon filtering membrane (manufactured by 

Millipore Corporation) with CNTs. The following factor combination was employed: 

MWNT/isopropanol, flow rate: 0.5 mL/min, concentration: 600 mg/L, needle-target distance: 

30 cm, voltage: 36 kV. Figure 8.1(a)-(g) shows the progressively coated CNTs from three to 

nine hours. 

 

 



     

(a)                                 (b)  

     

(c)                                 (d)  

     

(e) (f)  

Figure 8.1 Nylon substrate continuously coated with electrosprayed CNTs after: (a) 3 

hours (b) 4 hours (c) 5 hours (d) 6 hours (e) 7 hours  

 



 

(g)  

Figure 8.1 continued -- Nylon substrate continuously coated with electrosprayed CNTs after: (g) 9 

hours 

A hand-held digital multimeter (manufactured by Fluke) was used to measure the resistance 

exhibited by the electrosprayed CNT conductive network. Due to nonuniform CNT coating 

density and thickness over the sprayed area (approximately, 30 cm X 20 cm), electrical 

resistance was measured at various locations (with varying CNT network densities) on the 

coated membrane with a probe distance of 25 mm. We selected three areas, based on the 

“relative” CNT network density level, i.e., high, medium, and low, as determined by the 

naked eye. In each area, 10 measurements were made at random locations. The mean 

resistances were 3.6, 9.3, and 66.2 kΩ, respectively, with the corresponding standard 

deviations of 0.4, 0.7, and 5.4 kΩ (Figure 8.2(a), (c), and (e)). Figure 8.2 shows the SEM 

images of CNT network with varying network density. Figure 8.2(b) shows uniform dense 

network with several large CNT aggregates. In Figure 8.2(d), we can observe improved CNT 

dispersion and much fewer CNT aggregates, and we begin to see voids which are caused by 

smaller coat thickness and the pores that exist in the membrane. Figure 8.2(f) shows the CNT 

network of a thin coat that measured 64.4 kΩ. We can observe much less dense CNT 

network with larger voids, exposing the pores in the membrane.  

 



    

(a)                             (b) 

    

(c)                            (d) 

    

(e)                            (f) 

Figure 8.2 Electrical resistance measurement of CNT coatings at: (a) high network 

density, (b) medium network density, and (c) low network density; and the 

corresponding SEM micrographs: (d), (e), and (f) 

 

 



Issues in CNT coating include nonuniform CNT distribution over a large surface area 

(e.g. > 30 cm X 30 cm), high degree of CNT aggregation in CNT-rich areas, and difficulties 

associated with jet direction control. 

 

 

8.2 Mask-Assisted CNT Patterning Using Electrospraying 

 

   Electrospraying was used to demonstrate the feasibility of CNT pattern coating. A mask 

was prepared using a polyethylene (transparency) film, placed on the substrate (nylon 

membrane), and electrosprayed with CNT solution, using the identical spraying conditions as 

the previous section. Features smaller than ~7 mm were produced, and the results are shown 

in Figure 8.3. 

 

25 mm

Patterned CNT

Mask

Figure 8.3 CNT patterning using a mask 

 



 

 

 

CHAPTER 9 CONCLUSIONS 

 

 

• The trends observed in the experiments performed in this study suggest that flow rate 

is one of the most dominant parameters that govern CNT dispersion and that low 

flow rates tend to result in smaller CNT aggregates. Flow rate cannot be reduced 

infinitely, as it slows down the production and therefore needs to be optimized in the 

context of manufacturing time and scalability.  

• From the productivity standpoint, it is desirable to use as high CNT concentration as 

is allowed, since it leads to a larger amount of CNTs sprayed per unit time at a given 

flow rate. The upper limit of CNT concentration depends on the resulting sizes of 

CNT aggregates. 

• Needle-screen distance is another significant factor. Large distances can help CNTs 

disperse more effectively because they allow the electrically charged CNTs to spread 

out more on the grounded collection screen. The needle-screen distance is limited by 

the ability of the micro/nanodroplets leaving the nozzle (needle tip) to reach the 

target. 

• Compared to the other three factors (flow rate, CNT concentration, needle-screen 

distance), voltage seems to be least influential on CNT dispersion, although the 

experiments showed and increasing trend in CNT dispersion with increasing voltage. 

 



• The DOE models developed provide general guidelines to select electrospraying 

parameters for maximized CNT dispersion. 

• This study demonstrates the proof-of-concept of the low cost, scalable, 

environmentally benign CNT electrospraying technology, which can open the door to 

an alternative way to coat a range of substrates with CNTs for conductive coating 

applications. 

 



 

 

 

CHAPTER 10 FUTURE WORK AND RECOMMENDATIONS 

 

 

10.1 Validation of DOE Model Using SEM 

 

It is desired that the accuracy of the DOE model developed be further validated using 

SEM. To date, CNT dispersion has been quantified, and the model has been developed based 

on the electrosprayed CNT samples observed under the optical microscope, which allows 

magnifications only in the order of 100s and therefore does not allow the observation of 

nano-scale phenomena.  It is recommended that SEM be used extensively to investigate the 

correlations between process parameters and the resulting CNT dispersion at sub-micron 

scale.  The electrosprayed CNT samples (collected on glass slides) used for the previous 

DOE analysis can be observed under the SEM.  As the SEM images only capture even 

more localized areas as compared to optical micrographs, multiple images should be taken 

from each sample. 

 

 

 

 

 

 

 



 

 

10.2 Development of Methodologies to Quantify CNT Dispersion and Distribution 

 

It is desired that more unified, effective, and efficient techniques be developed to quantify 

the degree and uniformity of CNT dispersion and distribution. Figure 10.1 illustrates the 

difference between dispersion and distribution. One method to measure the uniformity of 

CNT distribution would be as follows (See Figure 10.2): 

• Pixelate the black-and-white-converted micrograph. (Each pixel is assigned either a 

“1” (black) or a “0” (white). 

• Divide the micrograph into equi-sized squares using a grid. 

• Count the number of “1”s in each grid and compare it with the number that would be 

obtained if the CNTs were uniformly dispersed and distributed. 

• Eq. 10.1 is evaluated for each grid, and small variation in the evaluated values 

throughout the micrograph would mean uniform CNT distribution. 

 

                                         Eq. (10.1) count expected

count) expected -count  (observed 2

• This method can be implemented using a code (e.g. MATLAB). 

 



 

Figure 10.1 Illustrations of particle dispersion and distribution: (a) poor dispersion, 

good distribution; (b) poor dispersion, poor distribution; (c) good dispersion, poor 

distribution; (d) good dispersion, good distribution [79] 
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Figure 10.2 Illustration of CNT dispersion and distribution quantification method 

 

 



 

 

10.3 Application of CNT Electrospraying to Coating and Multiscale Composite 

Fabrication 

 

Efforts should be devoted to identifying and demonstrating potential applications of the 

CNT dispersion technology developed.  The developed method is expected to find a broad 

range of potential uses in coating applications where coating of uniform, well dispersed 

CNTs is required.  Examples are conductive coating for electronic and display applications, 

transparent coating for optics applications (if further improvements are made), and fiber 

preform coating for fiber/CNT prepreg production. 

 

10.3.1 CNT Coating 

In terms of realizing electrospraying as a viable method for coating applications, multiple 

routes can be employed. One of the key issues is to improve adhesion between CNTs and the 

substrate. The surface energies of CNTs and substrate and their interactions need to be 

studied to understand the physics of adhesion. Optimal CNT-substrate matching needs to be 

determined, and surface treatment of CNTs may be necessary. Highly viscous (e.g., melt) 

substrates which can allow CNT placement and readily lock their positions upon 

solidification may be another solution. Various types of conductive filler, e.g., 

single-walled/double-walled/multi-walled carbon nanotubes, carbon nanofibers, and carbon 

black, should be investigated. In addition, the electrospraying apparatus can be modified to 

be operated in the presence of high magnetic field (> 5 tesla) so that the effect of aligned 

CNTs on coating conductivity can be investigated. 

 



So far, this study presents proof-of-concept of using electrospraying as an alternative 

method to produce conductive coatings. More rigorous work needs to be performed to 

quantify the surface resistivities of the coatings, e.g., using standardized resistivity 

measurement instruments. In addition, coating thickness should be measured to evaluate its 

uniformity and develop a method to control the jet direction. SEM should be used to observe 

any damages in the nanotubes incurred by electrospraying, as it is a significant factor that 

affects electrical properties of the coatings. For electrospraying to be a practical coating 

method in industry, techniques should be developed (e.g. multiple nozzles, moving substrate, 

etc.) for scale up production. 

 

10.3.2 Multiscale Composite Fabrication 

The electrospraying technique can be utilized to uniformly coat glass or carbon fiber 

fabrics with MWNTs.  Multiple plies of CNT-coated fiber preforms can be stacked on a flat 

mold, where vacuum bag is applied, and thermosetting resin is infused using vacuum 

assisted resin transfer molding (VARTM).  Curing and post curing should be performed at 

appropriate temperatures.  The multiscale composite (i.e. a composite that consists of both 

nano-scale and micro-scale reinforcements dispersed in a resin matrix) fabrication procedure 

is illustrated in Figure 10.3.  Multiscale composites are gaining attention in defense and 

aerospace industries as the next-generation, high-performance composites.  Multiscale 

composites, which typically consist of resin (macroscale), fiber preforms (microscale), and 

nanoparticles (nanoscale), are capable of providing enhanced properties as compared to 

conventional fiber-reinforced polymer composites because they allow improvements in 

matrix-dominated properties. When scaled up, electrospraying can be a viable method to 

treat fiber reinforcement on industry scale. 

 



Post-cure at 175°C for 2 hrs

Mix resin and curing agent
(mechanical stirring)

Disperse CNT in solvent 
(sonication)

Cool overnight and demold

Infuse resin-curing agent mixture

Cure at 121°C for 2 hrs

Spray coat CNT on carbon 
fiber fabric preforms

 

Figure 10.3 Multiscale composite fabrication procedure 

10.3.3 Development of Scale-Up Electrospraying System 

A single syringe system explored in the study only provides laboratory-scale 

electrospraying of CNTs. For this technology to be more viable and attractive to industry, 

scale-up is imperative. Similar to electrospinning (whose scale-up has already been 

demonstrated in industry), electrospraying can be scaled up through the use of multiple 

syringes. Other possible methods include continuous (target) flow mechanisms and 

adjustable-flow nozzle. In addition, the versatility of the electrospraying process can be 

demonstrated by expanding the type of nanoparticles from carbon nanotubes to carbon 

nanofibers, metallic nanopowder, etc. 

 



APPENDIX A: MATERIALS AND APPARATUS INFORMATION 

 

CNT type MWNT 

Length 0.5 ~ 500 µm 

Inner diameter 5 ~ 10 nm 

Outer diameter 60 ~ 100 nm 

Supplier Sigma-Aldrich 

 

‧ Power supply: Capable of supplying voltages up to 100 kV at a current flow of 

100 µA and power of 10 W (Gamma High Voltage Research, Inc.) 

‧ Syringe pump: 74900 Series (Cole-Parmer Instrument, Inc.) 

‧ Syringe: Plastic, volume = 10 mL, inner diameter = 1.5 cm 

‧ Needle: Precision stainless steel tips (EFD, Inc.) 

‧ Metal screen: Aluminum 

‧ Glass slides: 25 X 75 X 1 mm (Fisher Scientific, Inc.)  

 



APPENDIX B: MATLAB CODE FOR IMAGE ANALYSIS 

 

close all; clear all; clc; 

  

%% Open Image 

RGB = imread('1-1.bmp') 

figure(1) 

imshow(RGB); 

  

%% Convert RGB color image into Black-White image 

level=.28; 

BW = im2bw(RGB,level); 

figure(2) 

imshow(BW); 

  

%% Histogram 

%figure(3) 

%imhist(BW,64) 

  

%% Total area (Image size) 

[Y,X]=size(BW) 

Total_area=X*Y 

  

%% Object area 

obj=bwarea(BW); 

Object_area=Total_area-obj 

  

Object_rate=Object_area/Total_area 

Object_percentage=Object_rate*100 

 

 



APPENDIX C: DOE EXPERIEMENT TABLE (MATLAB) 

 

 



APPENDIX D: DOE EXPERIMENT TABLE (SIMAGIS) 
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