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ABSTRACT 

 

 
        Fiber-reinforced composites are becoming more popular due to their high strength to 

weight ratio, making them a suitable replacement for traditional metals for lightweight 

applications. However, for applications where electro-conductivity and thermo-

conductivity are required, fiber-reinforced composites lack the necessary properties 

without adding parasitic components. As a result of extensive research, high performance 

carbon nanotube-reinforced composites are considered as one of the key solutions to this 

issue, with buckypapers serving as the central constituent.   

        Buckypapers are thin membranes of well-dispersed networks of nanotubes held 

together by van der Waals forces. Buckypapers are considered as one of the promising 

candidates for incorporating nanotubes into composite manufacturing due to their ease of 

handling and the ability to transfer the properties of the nanotubes into the resultant 

composites. Buckypapers enable thermal and electro-conductivity in ranges not possible 

using fiber composites alone. 

        The objective of this research is to develop an effective, affordable manufacturing 

process capable of continuously fabricating buckypaper materials to meet market 

demands, as well as property and quality requirements from the consumers. The batch 

method of buckypaper manufacturing processes have been investigated and standardized 

by previous studies. Successful results under the standardized process have been adopted 

to pilot buckypaper production. Such studies have also attracted the interest of industrial 

consumers who require large-scale manufacturing, and continuity of buckypaper 

materials, which are not offered by the current batch method. 

        Through the development of four generations of prototypes, this research has 

successfully designed and fabricated the Nano Material Continual Integration System 

(NM-CIS), a filtration system capable of producing high quality continuous buckypaper 

materials. A prototype to produce continuous 1.5in wide buckypapers of randomly-

dispersed SWNTs has been successfully developed. Furthermore, the research has 

characterized the physical and electrical properties and compared them with current 

batch-production buckypapers. The results indicate that the continuous manufacturing 

processes have the potential to scale-up production of continuous buckypaper products to 



 

 

 

xiii 

achieve desired quality, continuity and affordability for potential industrial applications. 

Furthermore, the research has designed and fabricated the MA-CIS system to fabricate 

continuous magnetically aligned buckypaper materials, and the W-CIS system to produce 

11-in wide-buckypaper
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CHAPTER 1   INTRODUCTION 

 

 

Like upon the appearance of alloy metals in the past, the discovery of a new 

material brings upon the study of its properties, thus assisting to determine its better 

suitable applications. Carbon presence in materials being desirable due to its tendency to 

strongly bond with itself and other atoms [1], led to the research interest on Single 

Walled Carbon Nanotubes (SWNT), a promising material that provides a vast number of 

desirable properties to various applications [2- 5].  

Annealing, known to further enhance the properties of metals (more than doubling 

hardness and tensile strengths), is entrusted to achieve its purpose by allowing for the 

rearrangement of atoms in an orderly fashion during heat treatment [6]. Similarly, 

alignment, or in other words, an orderly arrangement of SWNTs, promises the same, with 

an expected elastic modulus in the range of 500-600 GPa, estimated tensile strength close 

to 200 GPa and electro-conductivity larger than that of copper at a fraction of the weight 

[4].  

Due to individual SWNT shape being tubular, the ordered arrangement mentioned 

above is referred to as alignment. During production, SWNTs are grown from catalysts 

that create SWNTs including Fe nanoparticles. Catalysts include FeCl3, Fe, Al2O3/Fe, and 

Al2O3/Co [1]. Due to a minute amount of Fe present and thereby its paramagnetic nature, 

SWNT can be aligned using a magnetic field; this paramagnetic nature also suggests a 

need for a large magnetic field strength [1].  

 With this research will develop a technique for continuous manufacturing of both 

aligned and random SWNT buckypapers. Through the knowledge gained on the previous 

studies of buckypaper fabrication and property characterization, major parameters of the 

continuous processes will be controlled in order to provide the same material quality as 

the current High Performance Materials Institute’s (HPMI) Buckypaper, fabricated by 

standardized batch-production method.  
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1.1   Motivation 
  

SWNT promises various application opportunities due to its exceptional 

properties. Theoretical calculations predict SWNT to posses a tensile strength of 63,000 

MPa, a value that surpasses the commonly used metals such as steel (690 to 1,650 MPa), 

Copper (70 MPa) and Aluminum (400Mpa), and also the commonly used fiber-reinforced 

composites composed of materials such as E-glass fiber (3,450 MPa), carbon fiber (3,500 

MPa), and Kevlar 49 (3,620MPa). Furthermore, SWNT also possesses a low density of 

1.33 3/g cm , much lower than steel (7.8 3/g cm ), Copper (8.92 3/g cm ), Aluminum 

(2.7 3/g cm ), E-glass fiber (2.54 3/g cm ), carbon fiber (1.78 3/g cm ), and Kevlar 49 

(1.44 3/g cm ); in other words, SWNT possesses an excellent strength to weight ratio.  

One of the most attractive attribute is SWNT’s thermal conductivity of 6,600 

W/mK (theoretical estimated value). The actual recorded values are 200 W/mK for 

aligned and 50 W/mK for random buckypaper respectively, as seen in Table 1.1. 

SWNT’s electric resistivity of 1.72 E-11 Ωm  is estimated about 1000 times more 

conductive than copper [1,6-8]. A high thermal conductivity value translates into “a 

relatively faster release of heat”; and a lower electrical resistivity value translates into a 

higher conductivity; both of which are very promising for developing multifunctional 

composites. 

Given that SWNT theoretically surpasses the properties of the materials now 

available on the market, researchers directed their studies towards harvesting SWNT 

properties for engineering applications. Among methods researchers attempted, randomly 

oriented and magnetically aligned buckypapers are very promising for various 

applications, providing significant enhancement to key properties [18]. Quality randomly 

oriented and magnetically aligned SWNT buckypaper materials are highly desired by 

both academic and industrial communities.   
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Table 1.1 Materials’ properties comparison [1, 6-8] 

Material 

Tensile 
Strength 

(MPa) 

Tensile 
Modulus 

(GPa) 

Density 

(
3/g cm ) 

Coefficient of 
Thermal Expansion  

(E-6in/in C) 

Thermal 
Conductivity 

(W/mK) 

Resistivity 

( 9E m− Ω ) 

SWNT(unaligned)          n/a n/a 1.33 -.015+/- .02 *6600/50 n/a 

SWNT (aligned) *63000 *1000 1.33 -.015+/- .02 *6600/200 ***0.0172 

Steel 690-1650 190-210 7.8 12 60 107-200 

Copper 70 103-124 8.92 17 397 17.2 

Aluminum 400 69 2.7 23 240 28.3 

E-glass (fiber)** 3450 72.4 2.54 5 0.18 n/a 

Carbon Fiber** 3500 207-1035 1.78 -.5 ~ -2 L / 7-12 Rad 0.2 ****.005-.012 

Kevlar 49 (fiber)** 3620 131 1.44 -2 L / 59 Rad 0.2 n/a 

*         Theoretical/experimental (if available) 
**        Properties can be changed depending on resin used to make up a composite 
***      One single wall nanotube 
****     Individual fiber 
  

 

 

 

1.2    Problem Statement 
 

 

Buckypapers are considered as one of the most promising materials for incorporating 

SWNT into fiber-reinforced composites; however, the majority of the current research 

has focused only on methods of manufacturing the buckypaper in small samples, lacking 

on feasibility for industrial production. In order to achieve such mass production 

capability, the technical challenges must first be understood.  

 

  

1.2.1 Current System Limitations on Sample Size 

 

The current state-of-the-art buckypaper production has a limitation on sample 

size. The batch production begins with the SWNT material, which is shaped like pearls in 

their raw form from the manufacturers. The pearls are ground and sonicated in order to be 

dispersed in water suspension so that an even dispersion of SWNTs can be achieved 

(with no clumps) in the resultant suspension, as seen in Figure 1.1  
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Figure 1.1 Even dispersion of SWNT in water suspension 

 

 

Once in the fluid form, the dispersed SWNT are allowed be directly filtered to 

form a thin SWNT network or buckypaper. By means of a pump, SWNT are driven 

through the filtering membrane and deposited on the membrane’s surface while the water 

flows through, and once the filtering membrane with the deposited SWNT is removed 

and let to dry, a buckypaper is formed made of SWNTs kept together by Van derWaal’s 

forces as a dense network. The SWNT network is separated from the filtering membrane 

when dry. Further enhancement of its properties may be achieved by performing filtration 

inside of a magnet to achieve nanotube alignment. 

 Although SWNT has been successfully made into buckypapers (aligned and 

random) by different research groups, samples are restrained to the size of filters and 

magnet bore. Filtering devices are cylindrical static filters that require laborious system 

assembly and disassembly during fabrication. At HPMI, a randomly oriented buckypaper 

is fabricated on a flat surface by the method mentioned on the previous paragraph, as 

shown in Figure 1.2 (a). An aligned buckypaper is produced by wrapping a filtering 

membrane around a cylindrical porous material put into a magnetic field, which allows 

for water to travel through it while simultaneously providing support for the membrane to 

trap the aligned SWNTs. Therefore, the size of the sample is determined by the porous 

tube’s circumference and height, depicted in blue on Figure 1.2 (b). The largest randomly 

oriented and magnetically aligned SWNT buckypaper samples are 253 and 

60 2
in respectively, produced by HPMI [4]. 
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Figure 1.2  Batch method- (a) Random and (b) aligned – Static filter 

 assemblies for buckypaper production 

 

 

 However, industrial applications such as aircraft and wind blade lightening strike 

protection need continuous long strip buckypaper and mass production. Therefore, a new 

manufacturing system needs to be developed to create a buckypaper without limit to 

length. 

  

 

1.2.2 Lack of Existing Continuous Filtering Device  

 

 

The current systems due to their static nature can not be used for continuous 

production. A new system needed to be developed to handle large amounts of continuous 

filtering membrane and residual waters as well as operating in magnetic fields. An 

illustration of the concept of such a system later named NM-CIS is shown in Figure 1.3  
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Figure 1.3 Scheme for Nano Material Continual Integration System (NM-CIS) 

 

 

 

1.2.3 Operation Limitations under a Magnetic Field  

 

 

 During magnetically aligned buckypaper production, the magnetic field strength 

requires the use of non-magnetic devices and a remote control of the device at a safe 

distance. Shankar et al. [9] found his samples to crack during the drying step of the 

process. Through research at HPMI, a solution was found to such problem by pressing 

the sample immediately after filtration between absorbent papers. Therefore, due to the 

traveling distance from the magnet bore (where filtration takes place) to the allowed 

approaching area (distance more than 30 ft), a new design needs to be developed to 

prevent the premature drying during a continuous production. A simulation of the magnet 

cell is shown in Figure 1.4.  
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Figure 1. 4 Proposed set up of continuous aligned buckypaper production 

 

 

 

1.3    Research Objectives 
 

Current technology demands for affordable, good quality and larger size buckypapers. 

Continuous random and magnetic alignment processes are one of the most practical ways 

to meet these demands. This thesis study will design, fabricate and test a technique for 

continuous buckypaper production of both magnetically aligned and randomly oriented 

buckypaper materials. 

 

 

1.3.1 Design and Fabrication of Devices 

  

 This research will focus on the design and prototype of continuous manufacturing 

processes. Such objectives are outlined as follows: 

 

1.  CIS - Design, fabrication and test of an automatic continuous process, dedicated 

specifically to the production of 1.5in wide randomly oriented buckypapers.  

 

2.   MA-CIS - Design and prototype of a continuous process, dedicated specifically to the 

production of 1.5in wide magnetically aligned buckypapers. 

 

3.   W-CIS - Design of a continuous process, dedicated specifically to the production of 

11in wide randomly oriented buckypapers. 
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1.3.2 Quality and Property Study of Continuous Buckypaper Materials 

 

Quality and properties of the produced continuous samples will be studied, 

including nanostructures, electrical conductivity, and other physical properties.  

In the research, Scanning Electron Microscope (SEM) observations and rope 

diameter analyses will be used to study dispersion quality and uniformity of the 

buckypaper nanostructure. Thickness measurement will be used to check consistency of 

the continuous process, and the four-probe method will be used to show electro-

conductivity uniformity. Furthermore, the test results will also be compared to those from 

the samples of batch method production process. 
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CHAPTER 2   LITERATURE REVIEW 
 

Theoretical predictions together with experimental results show remarkable 

properties on SWNT buckypapers when comparing non-aligned with aligned samples. 

Many alignment approaches have been attempted, each with remarkable results and some 

limitations. This section summarizes those efforts.  

 

 

2.1 Methods of Alignment  

 

2.1.1 Magnetic Alignment 

 

Dr. Richard Smalley’s group at Rice University was first to demonstrate a method 

to produce SWNT mats aligned in a magnetic field [2-3]. A uniform thickness of 1mm 

has been achieved. Figure 2.1 shows the device used in the experiment to accomplish 

such thickness.  

 

 
Figure 2.1 Filter Assembly [2] 

 

Anisotropic signal intensity of polarized Raman spectroscopy has become an 

accepted tool for assessing the alignment of SWNT among researchers. By means of this 

method, alignment was found to be uniform. Samples under magnetic fields of 7 Tesla 

and 25 Tesla showed a close resemblance, both with a bell curve with a peak when 

alignment is parallel to spectroscope slit. 
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Following the work of Dr. Smalley, the research group at Florida A & M 

University – Florida State University College of Engineering built a system that makes it 

possible to produce large magnetically aligned SWNT buckypaper and aligned SWNT 

composites [4]. Kramer et al found good alignment is achieved as shown in Figure 2.2. 

  

 
Figure 2.2  SEM images of Magnetically Aligned Buckypaper [4] 

 

 

Using a four-probe measurement test method, aligned samples were tested both 

perpendicular and parallel to the alignment direction [4]. A sample using 10mg/L under 

25 Tesla magnetic filed and thickness of .011 mm possessed an electrical resistivity of 

4.34E-04�-cm when measured parallel to the alignment. A measurement of 3.5E-03 �-

cm was obtained when read on the probes perpendicular to the alignment direction. Such 

results are indicators of alignment being featured in the sample [4]. 

However, this method is restrained to the size of the produced buckypapers. 

Among the different possible uses for buckypaper, electro conductivity applications need 

a continuous nanotube network. It is believed that resin acts as an insulator, which could 

make it difficult to connect different mats of SWNT’s to achieve high conductivity in the 

resultant buckypaper nano-composites [3]. 
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2.1.2 Electric Field Alignment 

 

Banda et al demonstrated electrical alignment of SWNT using an electrical field 

and claimed to be able to tailor the conductivity and dielectric properties on SWNT 

composites [5]. 

In the study, the researchers used a blend of urethane dimethacrylate (UDMA) 

and 1,6-hexanediol dimethacrylate (HDDMA) at a 9:1 ratio as the matrices (refferred 

from then on as UH), both being able to be polymerized by blue light with 

camphorquinone as a photo-initiator and N,N-dimethylaminoethyl methacrylate as an 

accelerator. By sonication and stirring, a dispersion of the raw SWNT was accomplished. 

The solution (.03 wt% SWNT/UH) is then transferred to a 1mm deep microcuvet cell 

with electrodes 2.3 mm apart. By applying AC current to the electrodes, alignment of the 

dispersed SWNT was accomplished. In order to retain the present aligned position of the 

SWNT, a hand held blue-light gun was used to polymerize (solidify) the monomers [5]. 

A sketch of the device and process can be seen in Figure 2.3. 

 

 
Figure 2.3 Experimental setup of photopolymerization 

of SWNT/UH composite under an electric field [5] 

 

The researchers used a High Resolution Scanning Electron Microscope (HRSEM) 

to analyze the results. By observing the results, the development of clusters of SWNT 

becomes apparent (Figures 2.4 and 2.5) due to high voltages. Such clusters, as mentioned 

by the researchers, form lateral joints with adjacent aligned clusters, which translate into 

crosslinks that allow for conductivity to occur in a direction perpendicular to the aligning 

field direction [5]. With such saturation, one can assume that this composite shows 
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metallic behavior since conduction occurs in all directions. Also, unlike SWNT 

buckypapers, a lack of uniformity can be clearly observed, caused by the clusters of 

SWNT, which may compromise the mechanical properties of the composite.  

 

 
Figure 2.4 Optical micrographs of  SWNT/UH composite 

cured without electric field (left), and SWNT-UH composite 

cured with electric field (200 Vp–p, 10 Hz, 10 min) [5] 

 

 

 
Figure 2.5 High-resolution scanning electron microscope (HRSEM) micrographs showing clusters of 

aligned SWNT [5] 

 

 

The samples are limited to 2.3 mm in width (distance between probes). Also, 

alignment takes place along the 2.3 mm width of the sample, not along its length. 
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2.1.3 Electric-Field-Growth of Aligned SWNT 

 

  Cao et al have demonstrated several chemical vapor deposition (CVD) methods 

to assemble SWNT into organized structures, and with the aid of electric fields, the 

manipulation of the growth direction is demonstrated [11]. 

 The method consists of a 0.003 mm thick poly-silicon film gown on a quartz 

wafer. The film is then patterned by photolithography and plasma etching to form three 

parallel trenches in the film. The width of the trenches varies from 0.01-0.04 mm as 

shown in Figure 2.6.  A liquid phase catalyst precursor film was transferred onto the top 

of the poly- silicon pattern by contact printing using a poly-elastomer stamp. The 

substrate was mounted on a specially designed insulating ceramic fixture with two metal 

leads clamped onto the outer poly-silicone pads, and placed into the CVD system for 

SWNT growth. During this part of the process, a 0-200Vdc and a 30MHz-10Vac were 

applied; both showing similar results. The SWNT’s were grown at 900°C in the flow of 

methane mixed with hydrogen for 4 minutes in a 1 in. tube furnace. In order to achieve 

good SEM resolution, the researchers deposited 5nm of titanium and 15nm of gold on the 

samples. It is important to keep SWNTs from Van der Waals interaction with nearby 

surfaces during growth in order to fully utilize the electric field aligning effect [11]. 

 

 
Figure 2.6 Schematic diagram process flow for electric-field-directed growth of 

SWNTs [11] 
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 Highly aligned and suspended SWNTs can be achieved under electric fields in the 

range of 20-200V, or 0.5-2V/um fields. Electric fields exceeding 3V/um showed SWNT 

arcing between the electrodes due to electrical discharge. The optimum results took place 

under 0.5-2V/um, as shown in Figures 2.7 and 2.8.  The results are in agreement with the 

dipole moment of a SWNT induced by an applied field. The polarizability along the tube 

axis was much higher than that perpendicular to the tube axis [5]. 

 

 

 
Figure 2.7 Alignment of SWNT at different voltages [5] 

 

 

 
Figure 2.8 SEM images of aligned SWNTs [5] 

 

 

 

 The SEM images reveal the successful alignment of the SWNT between the 

probes; however, one will also notice the agglomeration of SWNTs near and on the 

probes themselves. The agglomeration is so noticeable that a “ramp” of SWNT appears to 

build around the probes (Figures 2.7 and 2.8), showing a lack of uniformity in the 

dispersion of the SWNT throughout the surface. This system shows alignment along the 

width of the sample, not the length where it might be more desirable. Also, the distance 

between the probes being only 0.01-0.04 mm sets a limitation for the use of this method 

for applications. The limitation comes from the method of travel for the electrons, larger 
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distances translates into higher voltages, which when traveling through a limited length 

of air they create a discharge that destroys the alignment [5]. 

 

 

2.1.4 Air Flow Technique  

 

 Dong et al developed a post-growth manipulation method to align SWNT by 

means of a propellant gas [12].  

 The process consisted of a Pasteur Pipette used to insert the dispersed SWNT 

solution into the path of a narrow stream of high speed flow of N2 gas, which in turn 

directed the solution into a Si substrate (SiO2 can also be used) as shown in Figure 2.9. 

The method relied on the shear forces that existed when the N2 gas flows near the 

substrate, which created a torque on the SWNTs, thereby making alignment possible 

[12], shown in Figure 2.10.  

 

 
Figure 2.9 Diagram of the gas flow alignment setup  

(a) SWNT (b) gas and (c) substrate [12] 

  

 
Figure 2.10 Comparison of dispersed SWNT (a) without and 

(c) with gas flow alignment. (b) Large area view of long SWNTs aligned via 

the multichannel blow method and (d) SWNT aligned 

across five 300 nm gaps[12] 
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 This method claims to be faster than single tube manipulation by atomic force 

microscopy or other manipulating devices, however, no mention is made of the allowable 

thickness, nor the dimensions of the sample prepared. Successful coating of gaps between 

electrodes at 200 nm and 0.004 mm apart suggests that the dimension is relatively small, 

creating a limitation for creating a larger sample.  

 

 

2.1.5 Self Assembly  

  

 Self assembly has been used to produce functional materials such as photonic 

crystals and ordered DNA structures. Geng et al presented a method for self assembly of 

pre-formed SWNT into hierarchical structures with controlled nanotube orientation [13].  

 The method consisted of SWNT bundles synthesized by the laser ablation method 

and purified by reflux in hydrogen peroxide and filtration. Average lengths reduced from 

0.01 mm to 0.002 mm and 0.0005 mm by chemical etching using H2SO4/HNO3, rinsing in 

de-ionized water and annealing at 200°C before using. Shortened SWNT were dispersed 

in de-ionized water (1.0g/L). A clean hydrophilic glass slide was then immersed 

vertically into the SWNT/water suspension at room temperature. As water evaporates, the 

SWNT were found to assemble only on the glass surface at the point nominated triple 

line (air/liquid/substrate), referring to the meniscus line created on a glass surface, as seen 

in Figure 2.11. As the water continued to evaporate, a continuous SWNT film formed. 

The thickness of the sample can be tailored from less than 0.1µm to over 1.0µm by 

increasing nanotube concentration. Thick films can then be removed from the substrate 

by stirring in water, where membranes have regular geometry and sharp edges, as shown 

in Figure 2.12 [13].  
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Figure 2.11 Schematic illustration of self assembly process [13] 

 

 

 Thin strips of aligned SWNTs can then be made as shown in figure 2.12 [13]. 

 

 
Figure 2.12 TEM image of self assembled aligned SWNT [13] 

 

 

 

 The Transmission Electron Microscopy (TEM) images show that SWNT bundles 

have long range orientational ordering but no translational ordering, similar to the 

structure of nematic liquid crystals, as it may be seen in Figure 2.13. Thin films of short 

SWNTs have a higher degree of ordering than thick films with long SWNTs. This self-

assembly method is advantageous for fabrication of devices such as SWNT cathodes for 

field-emitions displays [13]. 
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Figure 2.13 Self assembled SWNT on patterned regions [13] 

 

 

 The process brings concern due to the necessary etching of the SWNTs; since 

chemical intervention on individual SWNT could cause a change in the thermal and 

electrical properties of SWNT networks. Again the limitation of this method is the size of 

the sample and the thickness as well.  

 

2.1.6 Direct Spinning  

 

 Among the different methods for SWNT growth, chemical vapor deposition 

(CVD) allowed for windup of continuous SWNT fiber without apparent limit to length. 

Kinloch et al accomplished this mechanical draw of nanotubes through the proper choice 

of reactants and their conditions [14]. 

 Using the CVD process described in the paper, the authors selected ethanol as the 

carbon source, in which 0.23 to 2.3 wt % ferrocene and 1.0 to 4.0 wt % thiophene were 

dissolved. The solution was then injected at 0.08 to 0.25 ml/min from the top of the 

furnace into a hydrogen carrier gas that flowed at 400 to 800 ml/min, with the furnace hot 

zone in the range of 1050 to 1200°C. Under these synthesis conditions, the nanotubes in 

the hot zone formed an aerogel, which appeared rather like “elastic smoke”. It was then 

stretched by the gas flow into the form of a cylinder, elongating downwards along the 

furnace axis. The cylindrical aerogel did not attach to the furnace walls in the hot zone, 

which remained clean throughout the process, as shown in Figure 2.14 
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Figure 2.14 (A) Schematic of the direct spinning process. (B) Schematic 

of the wind-up assembly that operates at a 

lower temperature, outside the furnace hot zone[14] 

 

The aerogel could be continuously drawn from the hot zone by winding it onto a 

rotating rod [14], where the winding process and the resultant materials shown in Figure 

2.15 

 

 
Figure 2.15 (A) Photograph of nanotubes being wound 

from the spindle onto a second spindle 

 (B and C) SEM micrographs of a fiber that 

consists of well-aligned MWNTs. (D) A permanent 

twist introduced into a nanotube fiber after 

its removal from the furnace[14] 

 

 

 

 

 



 

 

 

20 

According to the analysis performed (SEM, Raman Spectroscopy and 

thermogravametric analysis), the SWNT fibers contained more impurities than the 

MWNT fibers, with the proportion of SWNTs estimated from transmission electron 

microscope observations as being 50 volume percent. The SWNTs had diameters 

between 1.6 and 3.5 nm and were organized in bundles with lateral dimensions of 30 nm.  

If this process is scaled up and homogenized, it possesses the potential of 

becoming a one-step production of nanofibers and ribbons. 

 

 

2.1.7 Solution Casting and Transfer Printing  

 

 Driven by the need to match the many requirements for application to micro-

electronics, Gaur et al developed a new deposition and pattering method to align SWNT. 

The current findings provide patterning and alignment capabilities, but all use organic 

solvents that are incompatible with many plastics. The researchers’ deposition technique 

exploits a controlled flocculation (referred to as cF) process to deposit surfactant-

stabilized SWNT from a solution to a variety of substrates [15]. 

 The controlled flocculation process employs a dual spinning approach in which a 

suspension of SWNT and methanol are applied to a spinning substrate. The cF process 

allows for this SWNT to be directly deposited on high resolution polydimethysiloxane 

(denoted PDMS) stamps formed by the techniques of soft lithography, as shown in Figure 

2.16.  The contact to this surface with a substrate (not necessarily planar) with higher 

surface energy allows for the transfer to occur; which is very similar to inkjet printers 

[15]. 
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Figure 2.16 Experimental procedures for (a) depositing films of 

individual single-walled carbon nanotubes by controlled flocculation 

(cF) and for (b) transfer printing films [15] 

 

  

 Thin film transistors produced out of these films demonstrated electrical 

properties. The resistivity of the film in the direction of the SWNT alignment was found 

to be 3 times lower (0.08 �-cm) than in the direction perpendicular to the tubes (0.24 �-

cm). Solution casting and lithography techniques could be useful for SWNT based 

microelectronics, sensors, and other areas. Figure 2.17 shows the SEM analysis of the 

printed strip. 
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Figure 2.17 SEM image of SWNTs on a printed strip [15] 

  

 

2.1.8 Dry Sheet Pull-Out of Aligned MWNT  

 

Alieu et al showed how transparent nanotube sheets were drawn from multiwalled 

nanotube (MWNT) forests that were synthesized by catalytic chemical vapor deposition, 

using acetylene gas as the carbon source [16]. The system seems to not have limit to 

length, although it does not yet work for SWNT. 

 

 
Figure 2.18 MWNT forest conversion into sheets (A) Photograph of a self-supporting 3.4-cm-wide, 

meter-long MWNT, average rate of 1 m/min.  (B) SEM image, at a 35- angle with respect to the 

forest plane. (C) SEM micrograph showing the cooperative 90- rotation of MWNTs. (D) SEM 

micrograph of a two-dimensionally re-reinforced structure. (E) Photograph showing two orthogonal 

as-drawn nanotube sheets supporting droplets of water [16] 

  

 

2.2 Examples of SWNT Applications 

 

2.2.1 Thermal Transport Properties 

 

 Casavant et al manufactured films of magnetically aligned as well as randomly 

oriented SWNTs in order to study their electrical and thermal properties [17].  
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Thermal conductivity was measured using a comparative technique. Heat was 

passed into the sample through a calibrated constantan rod. The sample conductance was 

measured by comparing the temperature drop across the sample to that across the 

constantan (both using 0.00025in diameter thermocouples). Results show that at room 

temperature, the thermal conductivity is greater than 200W/mK and continues to steadily 

increase until about 300-400°K. Diamond and graphite, usually compared with SWNT, 

show instead a decreasing thermal conductivity with increasing temperature above 

150°K, making SWNT a better candidate for thermal conductance applications [17]. The 

structural change after annealing is not explored in this report. 

Molecular Dynamic simulations expect individual SWNT to have a thermal 

conductivity value of 6600W/mK at room temperature. Using a process of sonication and 

filtration, our research group was able to compare thermal properties of randomly and 

aligned SWNT buckypapers as well as composites [10].  

 Thermal conductivity results make obvious that the highest values were found in 

the magnetically aligned buckypaper sample when measured in the direction of the 

alignment. However, once the buckypapers formed a composite (6 layers infiltrated with 

resin), the thermal conductivity was found to decrease significantly by almost an order of 

magnitude, showing a close resemblance to that of a random composite. This can be 

explained by the fact that epoxy resin has a low thermal conductivity of 0.2W/mK. 

According to molecular dynamics simulation SWNT thermal conductivity may decrease 

when in contact with any other system. Furthermore, the aligned SWNT composite 

showed a storage modulus as high as 45.0GPa, indicating a good interfacial bonding and 

strong molecular interactions between SWNT and the matrix, validating perhaps the 

molecular dynamic simulation result [10].  

 Given that a high thermo-conductive matrix can be found to replace Epon resin, a 

complete use of the thermal conductive properties of aligned SWNT composites would 

then be possible. The quasi-linear temperature dependence of aligned buckypapers 

deserve attention, since a significant difference can be observed when comparing the 

measurements read perpendicular and parallel to the alignment, the latter being the best. 
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2.2.2 Electromagnetic Interference (EMI) Shielding 

 

Funchess et al. demonstrated a unique approach for using buckypaper films to 

effectively incorporate SWNTs into conventional composites and structures to improve 

EMI shielding properties. Both aligned and random buckypapers were fabricated, then 

infiltrated with resin to make buckypaper/foam sandwich composites, and finally tested 

to investigate its EMI shielding properties [18].  

The random buckypaper samples demonstrated better EMI shielding performance, 

which is due to the SWNTs easily forming dense networks in the randomly dispersed 

Buckypaper films compared to the magnetically aligned films [18].  

The high EMI shielding effectiveness, lighter weight and good processibility for 

scale-up make the Buckypaper approach very promising for developing EMI shielding 

and multifunctional structural applications [18]. 

 

2.2.3 Chemical Sensors 

 

 The detection of chemicals is imperative when monitoring environmental 

pollution. Chapline et al reported the successful use of individual semiconducting-SWNT 

(denoted as S-SWNT)–based chemical sensors capable of detecting small concentrations 

of toxic gas molecules [19]. 

As explained by the authors, the detection of NO2 is important to monitoring 

environmental pollution resulting from combustion or automotive emissions, and 

detection of NH3 is needed in industrial, medical, and living environments. Commonly 

used electrical sensor materials include semiconducting metal oxides, silicon devices, 

organic materials, and carbon black–polymer composites, of which semiconducting metal 

oxides have been widely used for NO2 and NH3 detection. These sensors operate at high 

temperatures (200 to 600°C) in order to achieve a significant chemical reactivity between 

molecules and the sensor materials for considerable sensitivity [17]. 

The conductance of S-SWNT samples can be substantially increased or decreased 

by exposure to NO2 or NH3. A current versus voltage curve recorded with an S-SWNT 

sample after a 10-min exposure to NH3 showed a 100-fold conductance diminution. 

Exposure to NO2 molecules increased the conductance of the SWNT sample by about 

three orders of magnitude [19].  
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In this report, the authors show that the electrical resistance of individual 

semiconducting SWNTs changed by up to three orders of magnitude within several 

seconds of exposure to NO2 or NH3 molecules at room temperature. Over time, repeated 

sensing and recovery experiments with the S-SWNT samples obtained reproducible 

results. Also, the electrical properties of metallic SWNTs in various chemical 

environments were tested, providing results not significant enough to use SWNT on a 

sensor. 
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CHAPTER 3   BUCKYPAPER CONTINUOUS MANUFACTURING 

PROCESS: Nano Material Continual Integration System (NM-CIS) 
 

The batch production of buckypaper manufacturing process had been investigated 

and standardized by previous studies [35]. Successful results under the standardized 

process set a benchmark for comparison for the new continuous manufacturing process. 

This research consists of two parts; first, the development of the continuous filtration 

devices, and second, the structure and property characterization of the continuous 

buckypaper samples. This chapter will focus on the device’s development, and chapter 5 

will focus on the material characterization. The process starts with the dispersion of the 

SWNT mentioned in section 1.2.1, which are explained in more detail by Lin et al [35]. 

 The design of the devices has undergone a series of changes, with two early 

prototypes from which the final designs were developed. The breakdown of the 

continuous devices’ development in this research effort is encompassed in Table 3.1. 

 

Table 3.1 Roadmap of continuous filtration system development 
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3.1 Preliminary System Investigation  

  

Preliminary studies have been conducted to prove the feasibility of the proposed 

research. The first and second prototype of continuous filtration devices became part of 

the learning process, from which the final designs were achieved. 

 

3.1.1 Generation I – Static Device of Continuous Filtration 

 

The first filtering device was built on a flat static surface that would vacuum the 

fluid as the filtering membrane was pulled through its filtering area, as shown in Figure 

3.1. This proved to be fatal due to the fragility of the membrane. The force normal to the 

membrane created by the vacuum increased as the amount of SWNT increased on the 

surface, breaking the membrane upon pull, indicated as “point of failure” in Figure 3.2. 

Therefore, allowing the membrane to move only when the vacuum was turned off, which 

lead to a semi-continuous filtration process. The lack of homogeneity analysis can be 

seen in Figure 3.3. 

 

 

 
 

Figure 3.1. First prototype-static filtering surface 
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Figure 3.2. Cross sectional view of the static filtration 

 

 

 
 

Figure 3.3. Analysis of failure under semi-continuous system 
 

 

3.1.2 Generation II-First Rotating Filtration Prototype 

 

 By analyzing the semi-continuous prototype, it became apparent that in order to 

realize a true continuous filtering device, friction had to be used to our advantage. The 

idea of a rotating circular filtering surface area was born. The friction mentioned above 

would allow for the membrane to adhere to the filtering area and move along with the 

filtering surface, which when separated, would expose a new surface at the opposing end, 

as seen in Figure 3.4, maintaining the vacuum level constant at all times upon constant 
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movement of the membrane. This prototype was built and tested. The detailed designs are 

given in Figures 3.5 and 3.6, and the actual built prototype can be seen in Figure 3.7. 

 

 
Figure 3.4 Generation II –Rotating filter 

 

 

 
Figure 3.5.  Design showing internal parts of Generation II – rotating filter 
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Figure 3.6. Complete assembly design  

 

 

 
Figure 3.7. Generation II – Prototype built and tested  

 

The concept granted satisfactory results, providing the baseline for a new design 

that addresses all parameters required for an autonomous system. A patent application 
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was also filed based on this prototype (“A Method for Continuous Fabrication of Carbon 

Nanotube Networks or Membrane Materials” Provisional Application Number 

60/589,681). As it can be observed on Figure 3.7, rollers were added to the design due to 

lack of a straight travel direction of the membrane when rotating the filtering surface, 

together with leakages occurring at the edges due to membrane lifting caused by the 

vacuum strength. However, rollers proved to be fatal, sectional contact did not provide 

enough seal around the edges, calling for a better sealing system. An analysis of the roller 

sealing failure can be seen in Figure 3.8. 

 

 

 
Figure 3.8. Roller sealing failure analysis 

 

 

3.2 Final Designs 

 

Based on the previous two prototypes, a final design was proposed and developed 

to overcome the obstacles encountered in the Generation I and II prototypes.  
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3.2.1 Generation III –Continual Integration System (CIS) 

 

The first step in the design was to change the shape of the filtering case so that 

with a smoother surface one could create a good seal throughout the whole system. 

Months of research and tests lead to the correct choice of materials and product 

providers. The rollers were replaced by a custom made timing belt with a rubber 

gripping-surface provided by Brecoflex. The timing belt gears were also custom made so 

that with the help of the system gears, they synchronize on a 2:1 ratio with the filtering 

porous tube. In order to coordinate the movement of the belts with the filtering porous 

tube, a bevel gear ratio of 2:1 was used from the driver to the porous tube. A pair of miter 

gears (1:1 ratio) from the drive to the belts was also added. Boston Gears manufactured 

all driving gears. The design is explained in detail through Figures 3.9 to 3.14. 

 

 

 
Figure 3.9 Generation III filter design-CNC cut to match porous tube contour 

 

 

 With the aid of a CNC (computer numerical control) mill, a new case was 

designed in the shape of an elongated letter “D”, as seen in Figure 3.9. As the porous 

filtering surface (depicted in blue on Figures 3.9 and 3.10) is rotated under vacuum, 

SWNTs are continuously deposited on the filtering membrane (shown in Figure 3.10). As 

it may be observed on Figure 3.10, due to counterclockwise rotation, filtration starts at 

the edge where the case and porous tube meet as seen in Figure 3.10 (b). 
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Figure 3.10 Design showing filtration of SWNT taking place-smoother surface to provide good seal 

 

 

 
 

Figure 3.11 Complete filtering case showing miter and bevel gears and manual rotating handle 

 

 

 Miter gears drive the belts and bevel gears drive the porous tube (as it may be 

observed in Figures 3.12 and 3.11 respectively). Also, since the bevel gear (red in Figure 

3.11) drives the porous tube through a shaft, the clearance hole for the shaft indicates a 

possible leakage into the chamber once under vacuum, by which, undesirably, SWNT can 

enter. This issue is addressed in Figure 3.14. A tensioner under a compression spring was 

also added at the bottom of the system to keep belt and filtering case close in order to 

create a good vacuum seal with the membrane. 
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Figure 3.12. Seal provided by belts’ grip surface (red surface) driven by adjustable 

 gears-membrane close grip provided by tensioner 

 

 

 
Figure 3.13. Complete assembly showing belts driven by belt-gears, 

 in turn driven by miter gears 

 

 

 Power transfer is shown in Figure 3.13. A motor will replace the handle shown in 

Figure 3.14. As seen in Figure 3.14, a gasket-sealed case was built around the bevel gear 

to eliminate the possibility of a leak through the shaft. Once under vacuum, the system is 
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then ready to be submerged in the suspension, and once driven, a continuous filtration of 

SWNTs can be realized. 

 

 

 
 

Figure 3.14. Complete final assembly with main components indicated 

 

 

 The system was built and tested as seen in Figures 3.15 to 3.19. After a few weeks 

of testing and adjusting, it was ready for an automatic drive system. Due to filtering 

membrane’s flexible properties, a vacuum of 8.5 in. Hg and below would allow 

movement. A residual water-trapping tank was custom built to allow for vast hours of 

operation, as seen in Figure 3.16. Table 2 summarizes the materials used in the system. 

 

Figure 3.15. Assembled filter with membrane ready to be submerged in SWNT suspension 
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Figure 3.16. Vacuum pump and custom built tank for residual water collection 

 

 

 
Figure 3.17. Filter submerged in SWNT suspension and continuous network of SWNT deposited on 

membrane 
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Figure 3.18. Supply of clean filtering membrane and exit of membrane with deposited SWNT 

 

 
Figure 3.19. Continuous SWNT network produced under manual operation 

 
Table 3.2 Materials’ information summary (complete list in Appendices B &C) 

Location Part Name Material Manufacturer/Supplier 

Filter Body Aluminum 6061 McMaster Carr 

Gearbox Spur gears Brass Boston Gears 

 Electric motor Steel McMaster Carr 

 Timing belt gears-guiding tr Aluminum 6061 Brecoflex 

 Timing belts-self guiding tr Linatex Brecoflex 

Raw material SWNT SWNT CNI inc. 
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3.2.1.1 Motor Drive System Design for CIS 

 

Continuing this research, an autonomous drive needed to be built which would 

provide the correct speed and torque. An electric motor model 6142K3 from McMaster 

Carr was used, rated at 5 revolutions per minute. A gear reduction set was built and 

coupled, to provide a final speed of 1 revolution every 1hour and 15 minutes to maintain 

the consistency of SWNT deposition on the surface based on previous buckypaper 

production experience. The gear box is completely reset able, allowing for speeds to be 

changed by removal of different gear sets as desired upon concentration change in the 

suspension (amount of SWNT per liter of water). Figure 3.20 shows the motor coupled to 

the gearbox. The coupling of the drive system to the filtering system is shown in Figure 

3.21. 

 

 
Figure 3.20 Engineered reset able gear reduction box driven by electric motor 
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Figure 3.21 Design and final assembly of CIS 

 

A detailed list of design drawings and part table is available in Appendix A. 

 

3.2.1.2 Additional Improvements 

 

 Upon the addition of the motor, random failure occurred in the form of wrinkles 

on the membrane, that later translated into leakages. In order to correct the issue, a roller 

was added to guide the membrane and a spring-loaded flattener was added to eliminate 

wrinkles. These additions allowed for failure-free continuous buckypaper manufacturing. 

Such additions are depicted in Figure 3.22.  

Figure 3.22 New additions required upon motor coupling 
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3.2.1.3 Continuous Sample Fabrication 

 
Furthermore, upon the addition of the motor, the need for a continuous sample 

collection mechanism became apparent. In order to provide a constant tension on the 

membrane, a gravity-loaded tensioner became the most reasonable solution. Also, in 

order for the produced buckypaper to be able to be rolled, a Teflon sheet was added to 

prevent surface damage. These additions are depicted in Figures 3.23 to 3.24. 

 

 

Figure 3.23 Continuous sample collection mechanism 

 

 

Figure 3.24 Bottom view of continuous sample collection mechanism 
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3.2.1.4   Premature Drying Prevention Mechanism 

 

The initial samples showed signs of premature drying, which caused cracks on the 

buckypaper during production. In order to address this issue, we first analyzed the 

buckypaper cracking mechanism upon drying process using a flat filter. Upon removal 

from the flat filter, the sample begins to dry at the edges, creating a bowl shape, as the 

bowl increases in size, a relatively high tension is created at the edges, that later fail by 

cracking under tension. Once the cracks start, due to the tension difference in the middle 

area, the crack dissipates working its way into the middle of the sample. The mechanism 

is depicted in Figure 3.25. 

 

 

Figure 3.25 Batch method buckypaper cracking mechanism upon drying 

 

It became apparent that the answer relied upon solving the uneven dehydration of 

the buckypaper after the filtration process. In order to solve this issue, the buckypaper 

was placed between absorbent paper, to realize a more uniform drying rate, eliminating 
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the wet center, and therefore eliminating the bowl shape and thus the cracks. The 

mechanism is depicted in Figure 3.26. 

 

 

Figure 3.26 Batch method buckypaper cracking solution 

 

By analyzing the continuous sample, a similar behavior is observed, depicted in 

Figure 3.27. With the new system being continuous, the drying method mentioned above 

could not be applied during manufacturing. A new solution needed to be developed. 

Therefore, by maintaining the sample wet throughout the manufacturing process, and 

treating it in a similar manner as the batch method afterwards would provide a solution to 

this issue. The proposed concept is depicted in Figure 3.28, where the sample is to be 

wetted throughout the process; by adding water to the membrane, not directly into the 

wet buckypaper to prevent surface damage. The device built can be observed in Figure 

3.29, where thanks to a donation from Tallahassee Memorial Hospital, an Intra Venous 

(IV) system was coupled to our system to guarantee a small amount of water being 

supplied without saturating the sample, nor prematurely depleting the water supply. Also, 

a sponge was added to distribute the water on the entire membrane surface and slow 

down water evaporation. A successful sample produced under this method can be 

observed in Figure 3.30. 
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Figure 3.27 CIS buckypaper cracking mechanism upon drying  

 

 

 

 

Figure 3.28 Solution to prevent CIS buckypaper premature drying 

 



 

 

 

44 

 

Figure 3.29 Actual premature drying prevention system  

 

 

 

Figure 3.30 Self-separating Continuously Manufactured Buckypaper 
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3.2.2 Generation IV–Magnetically Aligned Continual Integration System (MA-CIS)  

 

Magnetic alignment of SWNT provides anisotropic properties that favor the 

aligned direction (as observed in Table 1.1). SWNTs have been defined as paramagnetic 

[29], which by definition makes it a substance that when placed in a magnetic field, 

possesses magnetization in direct proportion to the field strength. Therefore, strong 

magnetic fields need to be used to align SWNTs. SWNT’s paramagnetic property is 

much weaker than ferromagnetic materials such as iron [20], therefore, strong magnetic 

fields available at the NHMFL were used to conduct the alignment experiments in the 

past. The magnetic field direction can be observed in Figure 3.31. 

  

 
 

Figure 3.31 Magnetic Field lines shown by iron fillings-a ferromagnetic material (left) 

(www.wikipidea.com), electromagnet internal view (middle) (www.howstuffworks.com), and NHMFL 

electromagnet (www.magnet.fsu.edu).         

 

 

A paramagnetic nature indicates a difference in material property achieved by 

manipulation of the magnetic field strength. Smalley et al. [2] showed the difference in 

alignment of SWNT under different magnetic field strengths. Our device will use the 

largest magnet available at NHMFL, with a magnetic strength of 17.3 Tesla; bore size of 

195 mm and magnetic field homogeneous length of 17 in (less than 1/3 of the magnet’s 

total height).  Based on these parameters, a final filtering device can be designed and built 

to continuously produce magnetically aligned SWNT buckypaper.  
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Using Pro-E 2001, a size-constrained filter named MA-CIS was designed based 

on the previous CIS design. The container needed to be custom built and tested to fit 

inside the magnet’s bore. The container measured 7.5 inches in diameter, allowing for a 

comfortable fit for a filter with measurements inside of an area of 4.5 inches by 5 inches, 

where the CIS has dimensions of 6.8 inches by 6 inches. 

 

 

Figure 3.32 MA-CIS size constraints based on the magnet bore with diameter of 195 mm 

 

In order to achieve a filter under the given dimensions, the shape of the core of 

the filter must be re-designed (shown in light blue in Figure 3.33), and also, belts should 

not travel outside of the given area, for which different size gears would be used so that 

the gear ratio would not be compromised. 
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Figure 3.33 Sketch of (a) CIS design compared to (b) MA-CIS design 

 

The cross-sectional length is taken care of by incorporating the driving gears into 

the body of the filter. Using Pro-E 2001, a new design was achieved, where the final size 

does not surpass the given limitations, as seen in Figures 3.34 to 3.38. 

 

 
Figure 3.34 Core shape and new gear sizes and location of the MA-CIS 
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Figure 3.35 Gears incorporated to the body of the filter in MA-CIS 

 

 

 
Figure 3.36. Gears incorporated into the filter’s body (left), engineered concavity on body (right 

image-red) to host gears and gear holder engineered for this design (right) 
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Figure 3.37 Spring-loaded membrane flattener added to design in the MA-CIS 

 

 

 

 
Figure 3.38 Final design of the MA-CIS 
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3.2.2.1   Gearbox for MA-CIS 

 

 With the gear ratio and the gearbox already designed for the CIS, the only issue 

for the MA-CIS was to replace the power drive. The first concept relied on a pneumatic 

air tool as seen in Figures 3.39 and 3.40. This concept however, proved to be 

problematic. The air tool relies on initial free spin to gain its torque, which allows for its 

intended purpose of low-friction grinding and polishing. It having constant contact when 

coupled to the gearbox, did not allow for it to gain the required torque to rotate the gears 

for the MA-CIS system.                    

                       

  

Figure 3.39 First concept for MA-CIS gearbox 

 

 

 
Figure 3.40 Concept for MA-CIS gearbox coupled to the MA-CIS 
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 With the help of researchers at the NHMFL, it was found that an electric motor 

being used on the magnet was possible, given the correct location outside of the magnetic 

field lines. The correct amount of power required to rotate the motor that would not affect 

nor be affected by the electromagnetic field was taken into consideration, as it may be 

observed in Figure 3.41. In determining location of the electric motor, previous 

experiments have found the area 1 meter directly above the magnet bore to be safe for 

electronic devices with low-power input. A stepper motor was chosen for the low-power 

input device, thus requiring the gearbox to be redesigned, as seen in Figure 3.42. 

 

 
Figure 3.41 Location analysis for electronic devices nearby an electromagnet 
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Figure 3.42 Stepper motor coupled to re-designed gearbox for the MA-CIS 

 

 

 Therefore, an independent support system was designed to support the filter and 

the fluid container. Such design can be observed in Figure 3.43, where the support rods 

allow for depth regulation. Also, the container was modified to allow for support rods to 

be added. Two aluminum pieces where welded at opposite ends, and tapped to house 

threaded aluminum rods to support its weight. Furthermore, an overflow return was 

added to regulate the fluid level during the experiment, eliminating the need for 

mechanical fluid level regulators. Such additions can be observed in Figure 3.44, the final 

assembly of the three components in Figure 3.45, and the assembly resting on the magnet 

bore ring can be observed in Figure 3.46. 
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Figure 3.43 Depth regulated support for the MA-CIS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.44 Fluid container with depth regulated supports  

and overflow return addition for MA-CIS 
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Figure 3.45 Assembly resting on magnet bore ring 

 

 

 Due to the system being depth regulated, the gearbox was designed to couple into 

the support frame, where an external gear would be allowed to move along the length of 

the shaft, providing a fast depth regulator and thus eliminating gearbox disassembly or 

shaft extensions, as seen in Figures 3.46 thru 3.49. Figure 3.50 shows the complete built 

MA-CIS system. 

 
Figure 3.46 Gearbox assembled to the support frame, sliding gear shown 
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Figure 3.47 Complete support frame assembly with  

gearbox and depth regulated shaft 

 

 

 
Figure 3.48 Complete MA-CIS assembly resting  

on magnet bore ring 
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Figure 3.49 MA-CIS device built to the specifications   

 

 

 a            b              c 

Figure 3.50 Complete final assembly-a) parts shown, b) parts assembled, c) close view of gearbox, 

stepper motor and depth adjustable gear assembly 
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  All Pro-E engineering drawings of individual custom-made components will be 

available upon proper request through FSU and HPMI. A table of part list is available in 

Appendix A. 

 

3.2.3   Generation V – Wide Continual Integration System (W-CIS)  

 

 The original CIS was developed to extend its production to wider samples. The 

Wide Continual Integration System (W-CIS) was designed in the research. Due to the 

filtering membrane being limited to 11.75 inches in width due to production capabilities, 

and the belts taking about .75 inches off the edges due to gripping surface area, the device 

is set to 11 inches worth of filtering area. In order to achieve such dimensions, the core 

needed to be extended, while the other parameters remained the same. Its main 

component designs are explained in Figures 3.51 to 3.53, where a more powerful motor 

needs to be chosen for the W-CIS. 

 

 

Figure 3.51 Additional pieces to extend core to a length of 11 inches of filtering porous tube- all other 

parts remain the same as CIS 
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Figure 3.52 Assembly organization of additions to achieve 11in filtration width 

 

 

 
Figure 3.53 Final assembly of W-CIS system 
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CHAPTER 4   DEPOSITION MECHANISMS OF MAGNETICALLY 

ALIGNED BUCKYPAPER 
 

 

Prior to the characterization of the resultant randomly oriented buckypaper 

samples, an attempt is made to analyze the deposition behavior of the SWNT during 

magnetic alignment.  

 

4.1 Static Filtration Analysis 

 

Current SWNT alignment, due to their nature of being static, is to take place in 

one direction as what can be assumed as layers of SWNT chains piled on top of one 

another until a certain thickness is achieved, as seen in Figure 4.1.  

 

 
 

Figure 4.1 Exaggerated size-explanation for aligned layer build-up of SWNT on static filter 
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4.2 Process Mechanism Analysis of MA-CIS 

 

 Unlike current systems, MA-CIS is dynamic and circular at the filtering surface. 

The filtering area will deposit aligned SWNTs , where the resultant product would have 

diagonally oriented lines of aligned SWNT, which are expected to provide through-

thickness thermal and electrical conductivity. SWNT sectional deposition is shown in 

Figure 4.2.  

 

 
Figure 4.2 Exaggerated size-explanation for aligned layer build-up of SWNTs on continuous filter 
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CHAPTER 5    NANOSTRUCTURE AND PROPERTY 

CHARACTERIZATION 
 

 

Once samples are produced under CIS, samples needed to be tested and compared 

to their counterparts under the flat filter. The test plan is listed on Table 5.1. 

 

Table 5.1 Experimental flowchart 

 

 

 

5.1 CIS Sample Fabrication Procedure – Random Orientation 

 

 Samples were produced using SWNT suspension mentioned before. After sample 

collection and drying, samples were submerged for two hours on Isopropanol alcohol to 

remove the surfactant, thus replicating the process used in flat filter sample production 

[35]. 
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In order to investigate the material property homogeneity, samples were taken 

from the edges and the center, as well as along the length of the sample, as seen in Figure 

5.1. 

 

 
Figure 5.1 Testing sample locations on a continuous randomly oriented buckypaper strip 

 

 

 

5.2 Buckypaper Thickness Distribution Analyses 

 

 Buckypaper Thickness Distribution Analysis was conducted with the Thickness 

Gauge LE1000-2 shown in Figure 5.2. Three measurements were taken on each sample at 

the locations specified in Figure 5.2. The sample thickness distribution appears normal 

without any major differences in thickness, as it is shown in Figures 5.3 and 5.4 

respectively. The total average thickness was 9.511 µm, which is slightly thinner than 

that of samples on batch-method with an average ranging between 10-15 µm. Given that 

the same amount of fluid is being filtered as it was with the batch method, the SWNT 

concentration is assumed to be the same. CIS uses vacuum to achieve SWNT deposition, 
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while the batch method relies on positive pressure to compact nanotube networks during 

filtration. Such process variation may be the cause of the slight thickness difference. 

Furthermore, it is important to mention that samples of thickness less than 10µm had a 

significant difficult time separating from the membrane on the batch method. But this 

issue is no longer observed on the CIS samples. This may indicate a more compacted 

network of the buckypapers produced by CIS. 

 

 

Figure 5.2Thickness Gauge LE1000-2 and measurement locations on samples 

 

 

 The thickness variations of the continuous samples are shown in Figures 5.3 and 

5.4. The variation could require further study. 
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Figure 5.3 Thickness measurement results at the three locations 
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Figure 5.4 Thickness distribution on individual Samples T1, T2 and T3 
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5.3 Scanning Electron Microscope Analysis 

 

 The Scanning Electron Microscope (SEM) Analysis was conducted by using the 

JEOL 7401F SEM shown in Figure 5.5.  

 

 
Figure 5.5 JEOL 7401F Scanning Electron Microscope 

 

 

The samples were analyzed at different magnifications, at locations on both the 

front and back of the samples. The front of the samples at x 5000 magnification show an 

even distribution of SWNT without any large agglomerations present, as seen in Figure 

5.6. At a magnification of x 25 000 one may again notice a relatively uniform distribution 

of SWNT without any large agglomerations present, although some impurities seem to 

show on the surface, as seen in Figure 5.7. 

 

 

 
Figure 5.6 SEM images of the front of Samples S1, S2 and S3 (from left to right)- 

Magnification X 5000 
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Figure 5.7 SEM images of the front of Samples S1, S2 and S3 (from left to right)- 

Magnification X 25 000 

 

 Furthermore, at a magnification of x 50 000, the samples show some large 

agglomerations in the form of ropes, a normal behavior registered on previous batch-

production experiments [35]. This behavior may also be observed in Figure 5.8. At a 

magnification of x80000, rope agglomerations register as normal when compared to 

previous experiments, shown in Figure 5.9. 

 

 
Figure 5.8 SEM images of the front of Samples S1, S2 and S3 (from left to right)- 

Magnification X 50 000 

 

 
Figure 5.9 SEM images of the front of Samples S1, S2 and S3 (from left to right)- 

Magnification X 80 000 
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Likewise, the back of the samples at x 5000 magnification show an even 

distribution of SWNT without any large agglomerations observed. There are some sharp 

edges present, a typical behavior of buckypaper’s “back side”, due to buckypaper 

separation from the filtering membrane upon drying. Such behavior may be observed in 

Figure 5.10. At a magnification of x 25 000 one may again notice an even distribution of 

SWNTs without any large agglomerations present, as seen in Figure 5.11. 

 

 
Figure 5.10 SEM images of the back of Samples S1, S2 and S3 (from left to right)- 

Magnification X 5 000 

 

 
Figure 5.11 SEM images of the back of Samples S1, S2 and S3 (from left to right)- 

Magnification X 25 000 

 

At a magnification of x 50 000, samples show agglomerations that seem larger 

than those observed in the front, as shown in Figure 5.12. Again, it is a normal behavior 

registered on previous experiments [35]. At a magnification of x 80000, rope 

agglomerations are almost the same when compared to previous experiments, which may 

be observed in Figure 5.13. 
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Figure 5.12 SEM images of the back of Samples S1, S2 and S3 (from left to right)- 

Magnification X 50 000 

 

 
Figure 5.13 SEM images of the back of Samples S1, S2 and S3 (from left to right)- 

Magnification X 80 000 
 

Similar surface quality of the continuous samples is observed when compared to 

samples obtained from the batch method. The SEM surface images of the continuous 

buckypaper samples illustrate relatively even distribution of SWNTs at the edges and 

center, as well as along its length. Buckypapers produced by CIS posses a relatively good 

surface uniformity. 

 

5.4 SWNT Rope Diameter Analysis 

 

SWNT rope diameter analysis was carried out using the Sigmansis Image 

Processor Analyzer. Each sample’s SEM image is loaded into the program and the image 

scale provided by SEM is entered, as shown in Figure 5.14. Depending on the image 

quality, a gray scale can be used to indicate parts to be analyzed, as seen in Figure 5.15. 

The image is then transposed over the processing image for user to double-check crucial 

rope identification, as seen in Figure 5.16. Then, the post-processing rope analysis 

indicator allows to verify images considered as ropes, and others considered as broken 
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sections, as seen in Figure 5.17. Once it has all been calibrated, the program provides the 

statistical results of the SWNT diameters. 

 

 
Figure 5.14 SEM image scaling 

 

 
Figure 5.15 Image analyzer pre-processing grayscale 
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Figure 5.16 Revealing of ropes to be analyzed 

 

 
Figure 5.17 Post-processing rope analysis indicator 

 

Previous experiments show the average rope diameter of the batch method to be 

about 16.5 nm with a standard deviation of 3.84 nm [36]. The continuous buckypaper 

sample averages at 11.92nm with a standard deviation of 4.76nm at the fronts, and an 

average of 13.6nm with a standard deviation of 5.74nm at the backs, as shown on Figures 
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5.18 and 5.19. It is important to also notice the majority of the measurements to revolve 

around 16nm for both sides of the sample.  

 

Figure 5.18 Data output, statistical analysis for the front of all samples 

 

Figure 5.19 Data output, statistical analysis for the back of all samples 

 

 

5.5 Electro-conductivity Measurement Analysis 

 

 Electro-conductivity measurement analysis was carried out using the upgrated 

four-probe system shown in Figure 5.20. Current vs. voltage (I-V curve) measurements 
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show consistent relations to previous samples of the batch production [35]. Straight lines 

of I-V are achieved, as shown in Figure 5.21. The average resistivity is 5.83 E-3 Ω−cm, 

which is consistent with the average resistivity of the batch method samples. The results 

can be observed on Figure 5.22. 

 

 
Figure 5.20 Four-probe electro-conductivity measurement device 

 

 
Figure 5.21 Current vs. voltage measurements for Sample E1, E2 and E3 (from left to right) 

 

BP77 Continuous 
Process 

Sample 
E1 

Sample 
E2 

Sample 
E3 

Width (mm) 5.46 5.84 5.56 

Thickness (µm) 5.3 5.1 4.8 

Resistivity          

(x E-3 Ω-cm) 5.8 6.18 5.5 

Average Resistivity  

(x E-3 Ω-cm) 5.83 

Standard Deviation  

(x E-3 Ω-cm) 0.34 

Figure 5.22 Electro-conductivity Measurements for Samples E1, E2 and E3 
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CHAPTER 6   CONCLUSIONS 
  

 

Through the development of four different prototype generations of continuous filtration 

systems, this research has successfully designed and fabricated the Nano Material 

Continual Integration System (NM-CIS). Samples measuring 1.5in. in width of 

continuous randomly-oriented SWNT buckypaper have been successfully produced using 

the CIS device. Furthermore, the research has characterized the sample’s physical and 

electrical properties and compared them with current batch-production buckypapers. The 

results show the thickness of the continuous buckypaper is at an average of 9.51µm. SEM 

observations show SWNT distribution to be consistent with those present in buckypaper 

produced by the batch method, which is considered standard procedure. The rope 

diameter analysis results indicate a homogeneous rope diameter distribution with an 

average rope size of 11.92 nm at the front and 13.6 nm at the back of the continuous 

buckypaper samples. Electrical conductivity measurements show that the continuous 

buckypaper has a conductivity of 5.83 E-3 Ω-cm, which is similar to that of samples from 

the batch production. 

 This research also has successfully designed and fabricated the MA-CIS system to 

manufacture continuous magnetically aligned buckypaper materials, which is critical to 

further improve buckypaper properties for multifunctional applications. Furthermore, the 

research also has designed the W-CIS system, an 11-inch wide-buckypaper 

manufacturing device, providing a clear path towards large-scale continuous 

manufacturing of buckypapers.  

The success of the development of continuous processes for both random oriented 

and magnetically aligned nanotube buckypaper materials could further accelerate 

nanotube applications for multifunctional composites. The research results show that the 

developed processes have the potential for scale-up manufacturing of continuous 

buckypapers with comparable quality and essential continuity for various applications, 

which are not offered by the current batch methods.  
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APPENDIX A 

CIS part list 

 
Location Part Name Material Manufacturer/Supplier Model Number/ Description 

Filter Case-bottom Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 5inx6inx3in 

 Case-top Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 5inx6inx1in 

 Porous filtering tube Polyethylene Millipore 3 inch outer diameter 

 Pulley-holding frame Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 7inx8inx.5 

 Gear seal-case Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 4inx1.5inx3in 

 Membrane flatener holder Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 1.5inx.25inx2in 

 Membrane flatener Polyurethane  Home Depot Plaster spatula 1.5 in 

 Spring loader Aluminum 6061 
McMaster Carr/ Metal 

Fabrication .75inx.5inx6in 

 Spring   Stainless steel McMaster Carr .25in od, .75 in length 

 Aligning roller Polyurethane  McMaster Carr .5in od solid, 5in length 

 Belt gear adjuster Aluminum 6061 
McMaster Carr/ Metal 

Fabrication 1.5inx.5inx2in 

     

Miscelaneous-
filter Set screw Stainless steel McMaster Carr 1/4  20 

 Hex drive-screw Stainless steel McMaster Carr 10-24  . 

 Shoulder bolts Stainless steel McMaster Carr 10-24,  .75 shoulder length 

 Filtering Membrane Nylon Millipore INYC00010 

     

Filter Power 
train Bevel gears (2:1) Stainless steel Boston Gears A 1B3-Y24018 

 Bevel gears (2:1) Stainless steel Boston Gears A 1B3-Y24036 

 Miter gears Stainless steel Boston gears GSS461Y 

 Timing belt gears-guiding tr Aluminum 6061 Brecoflex AL 27 TK5 K6/20-2 

 Timing belts-self guiding tr Linatex Brecoflex 20 TK5 K6/900 V 

     

Gearbox Spur gear-1 Brass Boston Gears Y6432 

 Spur gear-3 Brass Boston Gears Y6496 

 Spur gear-5 Brass Boston Gears Y64160 

 Electric motor Steel casing McMaster Carr 6142K3 

     

Raw mat SWNT SWNT CNI inc. n/a 

 Distilled water Water Publix n/a 

     

Miscelaneous-
system Tubing Silicone Cole-Parmer Masterflex LS 24 

 Barbed hose connector Brass Capital Rubber .25. 

 Vacuum pump Steel casing Ultra Vac Vain Pump 600 

 Parasistaltic pump Plastic casing Cole-Parmer Masterflex digital drive 
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APPENDIX B 

 

MA-CIS material list 
Location Part Name Material Manufacturer/Supplier Model Number/ Description 

Filter Case-bottom Aluminum 6061 McMaster Carr 5inx8inx3in 

 Case-top Aluminum 6061 McMaster Carr 5inx8inx1in 

 Porous filt. tube Polyethylene Millipore 3 inch outer diameter 

 Pulley-hold. frame Aluminum 6061 McMaster Carr 4.5inx8inx.5 

 Gear seal-case Aluminum 6061 McMaster Carr 4inx.125inx3in 

 Membr. Flatr. hold Aluminum 6061 McMaster Carr 1.5inx.25inx2in 

 Membrane flatener Polyurethane  Home Depot Plaster spatula 1.5 in 

 Spring loader Stainless steel McMaster Carr .125 od, 6in length 

 Aligning roller Polyurethane  McMaster Carr .5in od solid, 5in length 

 Belt gear adjuster Aluminum 6061 McMaster Carr 1.5inx.5inx2in 

     

Gearbox stand Top/middle shelves Aluminum 6061 McMaster Carr 8inx10inx.5in 

 Arms Aluminum 6061 McMaster Carr 2x2 L joint, 45in length 

 Base Aluminum 6061 McMaster Carr 1.5inx.5inx10in 

     

Filter-Misc. Set screw Stainless steel McMaster Carr 1/4  20 

 Hex drive-screw Stainless steel McMaster Carr 10-24  . 

 Shoulder bolts Stainless steel McMaster Carr 10-24,  .75 shoulder length 

 Filtering Membrane Nylon Millipore INYC00010 

     

Filter Power train Bevel gears (2:1) Stainless steel Boston Gears A 1B3-Y24018 

 Bevel gears (2:1) Stainless steel Boston Gears A 1B3-Y24036 

 Miter gears Stainless steel Boston gears GSS461Y 

 Timing belt gears-g Aluminum 6061 Brecoflex AL 27 TK5 K6/20-2 

 Timing belts-self g Linatex Brecoflex 20 TK5 K6/1150 V 

     

Gearbox Spur gear-1 Brass Boston Gears Y6432 

 Spur gear-2 Brass Boston Gears Y6464 

 Spur gear-3 Brass Boston Gears Y6496 

 Spur gear-4 Brass Boston Gears Y64128 

 Spur gear-5 Brass Boston Gears Y64160 

 Spur gear-6 Brass Boston Gears Y64192 

 Stepper motor Steel casing Precise motion and cont   HT34-490 

 Controller Steel casing Precise motion and cont STAC6-Q 

     

Raw mat SWNT SWNT CNI inc. n/a 

 Distilled water Water Publix n/a 

     

System Misc. Tubing Silicone Cole-Parmer Masterflex LS 24 

 Barbed hose conn Brass Capital Rubber .25. 

 Vacuum pump Steel casing Ultra Vac Vain Pump 600 

 Parasistaltic pump Plastic casing Cole-Parmer Masterflex digital drive 
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APPENDIX C 

 

Engineering Drawings 

 
Please Contact: 

 

Dr. Richard Liang 

FAMU-FSU College of Engineering 
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