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ABSTRACT 

 

 
A major challenge in studying the structure-property relationship of a carbon nanotube 

(CNT) network is to characterize the complex network topology of the CNT network, including 

nanoscale contacts and pore structures. In this research, an image-based characterization 

methodology was proposed to extract CNT network information directly from scanning electron 

microscope (SEM) images. The main outcome is an automated algorithm to extract the critical 

topological parameters of a CNT network from the SEM image of the CNT network, including 

CNT bundle size, diameter, orientation, and their distributions in the CNT network. This 

algorithm provided high-fidelity and fast analysis of CNT network structures with low false 

positive rate (FPR) of ~3% while achieving ~90% accuracy in most of our case studies. We 

applied the new algorithm to study different networks of multi-walled carbon nanotubes 

(MWNT), single-walled carbon nanotubes (SWNT), MWNT-SWNT mixtures, and stretched 

MWNTs with different CNT orientations. The results showed that the proposed methods 

effectively identified the critical topological parameters of various CNT networks, which was 

applied for studying important threshold properties of the different CNT networks and the 

structure-electrical conductivity-relationships of the aligned MWNT networks. 

 

We also studied the degree of inaccuracy in manual measurements of the critical 

topological parameters of a CNT network. Several experienced and inexperienced users are 

asked to measure thickness of CNT films, and the variations of the measurements were analyzed 

to see the degrees of the measurement differences over different users, based on the one-way 

analysis of variance (ANOVA). The experiments showed that some users overlooked some 

operation details, which can cause inaccurate measurements. In addition, we found how issues in 

measuring damaged samples and limited the number of replications resulting in large variations 

in the results of electrical conductivity measurements. Based on this study, we identified a 

proposed faster, more reliable guideline to measure the thickness of CNT thin films that 

operators can follow to make the measurement processes less dependent on operator skills. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Background 

 

Carbon nanotube (CNT) networks as well as aligned arrays of CNTs have attracted 

significant research attention due to their remarkable electrical properties [1]. They are 

intensively investigated as the basic building blocks for developing next generation of flexible 

electronic devices, such as thin film transistors [2, 3], optoelectronic devices and sensors [4-7], 

and chemical sensors [8-10]. The electrical conductivity of a CNT network is dependent on 

multiple parameters of individual CNTs such as length, diameter, chirality, and deformation of 

the respective CNTs as well as their interactions within the network, such as registry, nanotube 

contact angle, packing density, and orientation [11-20]. There are many studies to incorporate 

several of these effects [21-26]. However, controlling the length, diameter, and orientation of the 

nanotubes has been proven very challenging during the manufacturing process [27] and therefore, 

made it difficult to design and fabricate the CNT thin films with predictable structures and 

performance as well as maintaining consistent quality and yield rate. In addition, due to the 

complexity of densely packed network structures and large variations of raw CNT quality, the 

quantitative analysis of CNT network structure and properties are still quite limited and 

inaccurate, which remains a challenge for the field.  

 

While the development of the analysis approaches for CNT networks remains stagnant, 

there is huge progress in the manufacturing processes. Functionalized or aligned CNT networks 

have demonstrated improved performance for many applications [28]. The gap between the lack 

of fundamental understanding of network structure-property relationships and the advanced 

manufacturing techniques hinders effective exploitation of application potentials of CNT 

networks and need to be systematically studied. 
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1.2 Problem Statement 

 

Many previous studies have shown that the overall resistances of polymer-based CNT 

nanocomposites are dominated by the contact resistance [22, 29, 30]. This has also been adopted 

as the working principle for pure CNT networks. However, compared to CNTs “floating” in 

polymer matrices in nanocomposites, the topology of stacked CNT networks in thin films is 

complicated (see Figure 1.1), which leads to more complicated interactions due to large 

variations of their generic characteristics, such as diameter, length, orientation, and the number 

of contacts. As a consequence, applying specific theories to accurately describe the structures 

and electrical performance of CNT networks is difficult. While it seems very challenging to 

model CNT network structures using simple mathematical distributions, researchers turn to 

extract the structure information directly from the images of the networks.  

 
 Critical structural parameters that affect the performance of CNT networks include 

length, diameter, and orientation as well as the contact formed of CNTs within the networks. to 

Characterizing these parameters have proven to be challenging [27]. Therefore, researchers 

attempted to characterize a part of these critical parameters using simplified approaches. 

Dresselhaus et al. [31] measured the diameter of synthesized SWNT to in Gaussian distribution, 

and Rinzler [32] characterized the purification process of SWNTs and obtained a shift of 

diameter distribution in different apparatuses. Wang [33] attempted to determine length 

distribution of MWNT by using AFM and a commercial software, calledSIMAGIS. Yeh [34] 

statistically characterized different nanotubes in suspension and thin films using atomic force 

microscopy (AFM) and SEM images. However, those aprpoaches and results lack quantitative 

consistency and reroduceability. Possible reasons include large variations from sample 

manufacturing processes, inadequate capability of software and manual nethods to characterize 

dense packed CNT networks, and insufficient amount of data to identify a general tendency of 

critical parameters of the resulting networks. Therefore, an general approach is needed to 

effectively characterize the networks structues of various types of CNT thin films. 

 

To establish the electrical structure-property relationship of CNT networks, accurate 

measurements are essential. However, the network structure of the CNT thin films can be easily 

damaged during the measurements due to their fragile natures such as layered structure and 
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nanoporosity. In addition, no dedicated protocols exist for thickness and electrical conductivity 

measurements of ultra soft thin films. Since topological data can be obtained by image 

characterization techiniques, it becomes critically important to establish a series of standard 

procedures to accurately measure the physical properties of CNT thin films and protect the 

prinstine structures during the measurements. 

 
 

 
 

Figure 1.1: A typical SEM image of CNT networks. 
 
 

1.3 Objectives and Technical Approaches 

 
This dissertation work carried out a systematical study on the characterization and 

establishment of structure-property relationship of CNT networks. An experimental-based image 

analysis algorithm was proposed to extract topological information directly from SEM images to 

characterize CNT networks. Various CNT networks made from different raw materials and the 

effects of alignment were studied, and the critical structural parameters of the CNT networks 

were studied and revealed. The goal was to develop an effective image-based approach to 

characterize CNT network structures and study structure-property relationships of various CNT 

networks, and eventually to establish robust and accurate prediction models. A detailed 

schematic of research approach and goals of this dissertation are summarized in Figure 1.2.  
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Figure 1.2: Schematic of the dissertation work. 
 
 
1.3.1 Characterization of Carbon Nanotube Networks  

 

It is critically important to adequately understand the relationship between the network 

structure and properties of CNT networks to be able to model, design and predict those novel 

materials for different applications. Over the past decades, many theoretical models were 

proposed to investigate the structure-property relationship of CNT thin films. Although 

percolation theory has experimentally proven useful for estimating different properties of CNT 

nanocomposites [35], its application for CNT thin films is limited due to the structural difference 

of CNT thin films and CNT composites. CNT thin films have much higher CNT concentrations 

(20 ��% − 50 ��%) than CNT nanocomposites (CNT concentrations 0.1 ��% − 10 ��%) [36], 

resulting in complicated network structures and strong CNT/CNT interactions. In addition, the 

tendency of CNT self-aggregation, due to strong van der Waals forces during the manufacturing 

process, [37] makes controlling nanotube networks in CNT thin films more complicated. Figure 

1.3 shows how strictly constrained assumptions and characterization errors accumulated through 

each stage of modeling and eventually impact the capability of the models for CNT networks. 

Given the limitation of the existing models, we proposed to use an experimental-based image 
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analytics algorithm to better characterize the critical structural parameters of CNT networks to 

study and estalish the structure-property relationships from experimentally measured CNT 

network structures and properties. This method extracts CNT network structures directly from 

SEM images to obtain these parameters such as bundle size, effective segment length, and 

orientation of the nanotubes. Various CNT thin films were studied and discussed, and different 

structural features as well as electrical structure-conductivity- relationships were reported. 

 
 

 
 

Figure 1.3: How variations are accumulated and impact the capability of prediction models. 
 
 

1.3.2 Development of Protocol for Measurements of Thickness and Electrical Conductivity 

of Carbon Nanotube Thin Films 

 
Thin film semiconductors and CNT thin films have essential differences. Many 

challenges exist in standardizing measurements of conductivity of CNT thin films. In this study, 

a protocol to obtain accurate thickness measurements for CNT thin films was proposed through 

an analysis of variance study. As a case study, we used MWNT thin films as samples for the 
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study We demonstrated how some small variations in thickness measurements can cause large 

fluctuations in electrical conductivity measurement results. We found with our proposed 

approach, trained operators can obtain highly consistent measurement results that are close to 

true values while minimizing human errors during the experiments. 
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CHAPTER 2 

 

LITERATURE REVIEW 
 
 

2.1 Image-based Characterization of CNT Networks 

 

SEM, AFM, and transmission electron microscopy (TEM) images are three major 

sources that are heavily used for the image analysis. SEM scans a sample with a focused beam of 

electrons that interact with electrons at the sample surface. Afterwards, various signals that 

contain information about surface topography of the sample are detected to produce images. 

AFM gathers surface information by continuously vibrating a sharp tip (probe) that accurately 

and precisely moves through the sample surface to detect the height changes and to provide 

images that contain clear views of surface features. TEM and SEM are much alike, except that in 

TEM, the electron beam penetrates through the sample, which requires the samples be cut into 

ultrathin slices. In short, SEM is based on scattered electrons while TEM is based on transmitted 

electrons. In this section, state-of-the-art image characterization techniques for characterizing 

CNT networks are reviewed and their pros and cons are discussed.  

 

2.1.1 CNT Characterization Algorithms 

 

The most difficult part of measuring length and diameter of CNT networks may be the 

background noise removal. Due to the complex layered structure and three dimensional 

entanglements, as shown in Figure 1.1, it has been a challenging task to extract the upmost 

network structure information from the others. As previously discussed, contact information of 

the CNT network is critical for electrical property predictions. The major reason is that to 

calculate the conductivity of a CNT network, every segment of CNTs is considered as a 

resistance. By connecting all the resistance together as well as with their contacts, we obtain 

conductivity of the network through the calculation of resistivity. Since only segments instead of 

total lengths that matter, we can easily acquire the data by knowing the positions of every contact. 

 

Iwasaki et al. [38] proposed an algorithm for SEM or TEM image analysis that 

automatically measures diameters of each nanotube in the target area. First, the gray level of the 

image is reversed, and mixture areas of image and characters are excluded. Then Otsu’s method 
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[39] is applied to perform the automatic binarization. After the binary image is created, the 

algorithm executes x-direction and y-direction scans to search for CNTs and measure the 

diameters. When x-direction scan starts, the y axis is fixed. The algorithm recognizes the x 

position part of an edge if x is 0 (black) and x−1 is 255 (white). If so, it starts counting black 

pixels in five directions of 0, 25, 45, 315, and 335 degrees, as shown in Figure 2.1(a). 

 

The minimum length among the 5 measurements is considered as the diameter � which 

will then be converted from counted pixels to real length by 

 � = min ���0 ∙ ��0,��25 ∙ ��25,��45 ∙ ��45,��315 ∙ ��315,��335 ∙ ��335, � ∙ ��  (2.1) 

where ���  are the numbers of pixels obtained by scanning, ���  are the unit lengths in five 

directions, and �� is the real side length of one pixel. After this process has been repeated y times, 

x-direction stops and the algorithms starts to execute y-direction scan, which is exactly like x-

direction approach except that black pixels are now counted in five directions of 225, 245, 270, 

295, and 315 degrees, as shown in Figure 2.1(b). Figure 2.2(a) illustrates a search result after the 

algorithm has been performed. 

 
 

 

 
Figure 2.1: Procedure of x- and y-direction scan in Iwasaki’s algorithm. [38] 

 
 

Iwasaki’s algorithm is fast and powerful for electron microscopy image analysis, since it 

sets no limitations for CNT diameter and does the calculation only once to identify the diameter 

at location. However, the advantage is also its drawback. The function of the algorithm is quite 
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limited: it only calculates statistical data of diameter distribution and nothing more; it needs to 

find other ways to obtain information about contacts and also segment length between two 

contacts. In addition, since this algorithm does not remove the noise and isolating dots in the 

image, the nanotube diameter distribution of the CNT network is obtained purely based the scan 

results. For instance, Figure 2.2(b) shows a distribution histogram of measured nanotube 

diameters of some CNT network examples. They approximated the shape of the histogram as a 

normal distribution; therefore, appearance of the valley in the figure shows the contamination of 

noise and other parts except the diameters. The lower and upper bounds of CNT diameter are 

decided at the valley of smaller and larger diameter sides of the distribution, respectively. Then 

the distribution excluding the two parts of the data smaller and larger than the valleys will be 

plotted to provide statistical information about the diameter of the nanotubes, such as mean and 

standard deviation. 

 
 

 

 
Figure 2.2: Diameter (a) measurement and (b) distribution by Iwasaki’s algorithm. [38] 

 
 

D’Amore et al. [40] originally developed the algorithm to characterize topology of tissue 

fiber networks called scaffolds. However, it is interesting that there are many similar features 

between fiber architectures and CNT networks, such as diameter, contacts, network connectivity, 

orientation, etc., which makes the algorithm applicable to CNT network characterization. We 

briefly introduce this algorithm step by step as follows. Their approach includes:  

(1) Increasing the contrast of the target image and reducing the noise by thresholding 

procedures, and then using Otsu’s method to extract the best network;  

(2) Employ functions for thinning, smoothing, and removing isolated pixel areas to refine 
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the image and highlight nanotube edges, which also helped improve the precision of 

skeletonization.  

(3) During the process, two outcomes were produced: (a) a binary image of skeleton line 

network where every line segment has a thickness of one pixel and (b) a binary filter 

obtained by dilating the skeletonized network.  

(4) Fiber intersections were detected within the skeletonized fiber network. For each 

pixel value within a circle area centered on a given pixel was collected at some angle 

steps and radially summed, and then a “gray intensity value vs. angle” plot was 

drawn. Pixels with more than 2 peaks in the plot were considered to belong to 

intersection zones.  

(5) A set of helping points was detected to create another binary filter by assigning a 

value of 1 to pixels within a circle centered in all fiber intersections and helping 

points to strengthen the utilization of Delaunay triangulation.  

(6) Delaunay triangulation was modified by those two binary filters. Finally, all the 

segments in Delaunay network were recognized and the diameters of them were also 

calculated. 

 

D’Amore’s algorithm extracts physically meaningful structural information such as 

segment length and intersection, which are the essential parameters, to describe the topology of a 

fiber/nanotube network. Figure 2.3 shows two different fiber networks detected by the algorithm. 

The algorithm iteratively refines the target image by the filters generated from the image itself to 

assure the integrality of the detected networks. As a result, good consistency was found between 

the human operators and image analysis results. However, it may be difficult to apply to analyze 

CNT networks. First, images of CNT networks are usually captured under much higher 

magnification, which may lower the sensitivity of the algorithm. Secondly, there exist inevitable 

edge effects in most source images of CNT networks, which makes it hard to recognize where 

the edges are actually located. This will also result in misrecognition of diameter, intersection, 

and segment length. Despite the well-connected networks detected, it is still very difficult to tell 

if the intersections are actually where two fibers/nanotubes are actually contacting each other. 

Since we analyze 2D planar images to gain 3D structure information, it is possible that two 

fibers/nanotubes in layers of different depth look connected while in fact they do not. 
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Figure 2.3: Structures of different fiber networks detected by D’Amore’s algorithm. [40] 

 

 

2.1.2 Commercial Software Packages for CNT Characterization 

 

2.1.2.1 SIMAGIS. SIMAGIS is developed for image processing and analysis by Smart 

Imaging Technologies. It has acceptable performance in scientific and industrial applications, 

especially nanotechnologies and material science. SIMAGIS has been widely used in applied 

research. Wang [33] used its AFM module to quantify the large population of single-walled 

carbon nanotubes (SWNTs) and found that length distribution could be characterized with either 

a Weibull or log-normal distribution. He further showed both length and diameter effect factors 

and predicted the elastic moduli of SWNT-reinforced polymer composites by means of the 

characterization results. In Wang’s another research, shortened SWNTs were characterized by 

SIMAGIS to study how length effects thermal conductivity [41]. Ziegler et al. [42] used 

SIMAGIS to determine lengths and height/diameter ratios of CNTs and obtained statistically 

accurate measurement results by minimizing user intervention and averaging analyses of 

multiple AFM images. 

 

 However, SIMAGIS has some drawbacks. First and foremost, SIMAGIS barely removes 

artifacts and isolating spots (noises), which results in large underestimation of diameter and 

length. Second, the comparison mechanism to detect the edges is not sensitive. For SEM images 

coming along with edge effects, SIMAGIS tends to misrecognize the two edges of a bundle as 

two separate nanotubes (see Figure 2.4), which further underestimates the statistical data, 

especially for images captured under high-magnification. It is recommended to preprocess the 

images before using SIMAGIS for better characterization results. 
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Figure 2.4: Misrecognition of CNT diameter due to edge effect (circle area). [43] 

 
 

 

 
Figure 2.5: Distribution of average pore size of a CNT network. [44] 

 
 

2.1.2.2 ImageJ. ImageJ is an open source, public-domain, and cross-platform image 

processing software written in Java, developed by the National Institute of Health (NIH) [45]. 

The original purpose of ImageJ is for cell morphology analysis and other problems in life science, 

including counting cells, DNA quantification, measuring leaf area, etc. Due to its nature of open 

architecture, ImageJ comes with great extensibility. Users can generate and debug their own 

macro codes by command recorder and macro debugger to automate tasks and create custom 

macros. Besides, user-defined plugins can be easily built to extend the functionality of ImageJ. 
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So far, there have been more than three hundred macros and five hundred plugins available 

online, which makes it possible to solve complex problems, such as radiological image 

processing [46], multiple imaging system data comparisons [47], three-dimensional live-cell 

imaging [48], and automated hematology systems [49]. ImageJ can also be run as an online 

applet on any computer with Java runtime environment (JRE). Its flexibility and extensibility 

have made ImageJ a popular platform for teaching image processing [50, 51]. There are not 

many studies regarding CNT characterization. It is understandable because ImageJ is designed 

for life science related issues. However, ImageJ can help from a different angle. It is known that 

CNT thin films consist of highly porous networks of randomly orientated CNTs; therefore, films 

with identical dispersion and fabrication procedures should have similar pore size distributions 

[44]. In this case, SEM imaging followed by image analysis using ImageJ is useful for pore size 

analysis [52, 53] as shown in Figure 2.5. 

 
 

 

 
Figure 2.6: Average pore size vs. fine CNT weight fraction. The sub-figures indicate 

buckypapers made from (a) small CNTs, (b) coarse CNTs, and (c) a 50: 50 mixture of (a) and (b). 
[44] 
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The pore size of a CNT thin film is also highly dependent on the type of CNTs used. 

Figure 2.6 illustrates Sears’ study of how this can be used to tune the average pore size [44]: 

Two types of small (~9��  outer diameter) and coarse (~37��  outer diameter) CNTs are 

prepared with reference to their outer diameter and other structural properties; average pore size 

of buckypapers fabricated from small, coarse, and mixtures of the two were then obtained 

respectively. Since pore size is a key parameter to study in structure-property relationship [54], 

controlling pore size can be an important task for obtaining CNT thin films or polymer-based 

CNT nanocomposites of consistent quality [55-57]. 

 
2.2 Prediction Models of CNT Networks 

 

2.2.1 Two-Dimensional Rigid Rod Model 

 

The most intuitive way to describe CNTs in a model is to consider them as stiff sticks or 

rods, so that we can easily visualize them or collect statistical data from a programming point of 

view. Grüner [58] first proposed this thought for flexible electronic devices, such as field-effect 

transistors (FETs). He considered CNT networks as source-drain channels between two 

electrodes, as shown in Figure 2.7. By calculating the throughput of the conducting channels, the 

conductivity of the CNT network was obtained. Although Grüner did not build a complete model, 

he inspired later research by introducing the concept of metal wire network behaviors to develop 

CNT network models. Rigid rod models were then also applied to nanowire thin-film transistors 

(TFTs) [21]. The model randomly populates a 2D grid by sticks of fixed length and random 

orientation and determines the current through the network by solving the percolating electron 

transport path through individual sticks [59]. Besides, with the random configuration of the 

CNTs, rigid rod models were also used to simulate voltage drops and current across two 

electrodes with the help of AFM, as shown in Figure 2.8 [60] where a tip scanned over the 

device in surface-potential mapping mode to collect detailed information about where the voltage 

drops with a fixed voltage, ��� , applied. Since it is widely adopted that contact resistance 

dominates the CNT network resistance [22, 29, 30] and the rods are assumed perfectly rigid, the 

contact area between bundles is independent of the bundle diameter. Therefore, different types of 

contact resistances (metallic-metallic, metallic-semiconducting, and semiconducting-

semiconducting) can be easily applied and the conductivity of the CNT network can be 

calculated. Rigid rod models can be further enhanced by adding parameters such as length or 
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diameter distribution to help build a structure-property relationship between electrical properties 

of CNT networks [61]. 

 
 

 

 
Figure 2.7: CNT network as source-drain channel. [62] 

 
 

 

 
Figure 2.8: Simulated (a) current across two electrodes and (b) voltage drops. (c) Illustration of 

the measurement technique used to image voltage drops in CNT films. [60] 
 
 
2.2.2 Waviness Model 

 

It is well-known that carbon nanotubes in CNT thin films or embedded in composites are 

usually not straight but rather have a certain degree of waviness or curvature along the tube 

length. Waviness alters both geometric, mechanical, and electrical properties of stochastic 

fibrous CNT networks and significantly affects overall mechanical response, but few results are 

available in the literature on this subject largely due to the complicated structure of the CNT 

networks. Liu et al. [63] analyzed SEM images of CNT sheets and revealed some straightening 
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of the ropes along torn edges. Berhan et al. [64] took the analyzed images in the surface planes 

of the sheets, wherein various curvatures of ropes and segments were observed and proposed a 

geometric model that described CNT segments as sinusoids. Waviness, the intrinsic nature of 

CNTs, has been reported to play a significant role in material stiffness. Fisher et al. [65], for 

example, studied CNT curvature in CNT reinforced polymer composites, and demonstrated that 

effective moduli are significantly reduced with increased waviness of embedded CNTs. From a 

structural modeling point of view, waviness is also important because, when two straight lines 

intercept, only one contact site is formed, while two wavy curves of the same lengths may result 

in multiple contact sites. Since the conductivity of CNT networks is dominated by contact 

resistance [66], more accurate simulation of interactions between CNTs and ropes is needed to 

improve the model accuracy. 

 

Kallmes [67] and Corte [67, 68] first introduced quantitative descriptions of random 

networks of wavy lines by systematically expressing structural averages and totals in terms of the 

number and dimensions of the structural units, including number of lines per unit area, the mean 

length and width of constituent fibers, the total number of fiber crossings, the mean segment 

length, and total number of polygons formed. They introduced the concept of a curl ratio �, the 

ratio of fiber running length � to end distance �, to describe the degree of curliness. This quantity, 

however, is not sensitive to local variations in curvature. For example, a closed circular ring fiber 

and a closed rectangle ring fiber both have � = ∞, but have vastly different appearance and 

properties. 

 

In two applications of network modeling, namely, collagens [69] and carbon nanotubes 

[64, 70], fibers present approximately as sinusoids (see Figure 2.9). Yi et al. [71] calculated 

mean curvature and mean radius instead of conventional curl ratio, which are defined as the 

mean value of curvature along the running length, and the inverse of the curvature, respectively. 

Assume that � is the amplitude of the sinusoid, the running length � and curl ratio � of a CNT 

can both be simplified as: 

 � = ∫ �1 + �2�2���2(��)���0 =
1�∫ �1 + �2�2���2(�)�0 ��  (2.1) 

 � =
�� =

1� ∫ �1 + �2�2���2(�)�0 ��  (2.2) 
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, which provides us sufficient information for generating fiber-like segments to build a network, 

as shown in Figure 2.10. The advantage of this approach is that the case that � = ∞ is avoided, 

since we can always cut a ring-shape object into two separate sinusoids. 

 
 

 

 
Figure 2.9: SEM images of CNT sheets showing (a) straight and sinusoidal segments and (b) 

closed loops. [64] 
 
 

 

 
Figure 2.10: Parameters for (a) fiber geometry and (b) network generation. [64] 

 
 

Another important parameter in network model is the number of contacts, or crossings, of 

two or more fiber-like objects. Kallmes and Corte [67] postulated that the number of crossings 
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�� for random networks of one dimensional fibers was related to mean fiber length � and mean 

fiber curl � by 

 �� =
�����2���2   (2.3) 

where �� is number of fibers. This implies that the number of crossings in a fibrous system is 

inversely proportional to the curl ratio, and the solution is apparently only valid within some 

range of �. Berhan et al. [64] and Yi et al. [71] reexamined the calculation and reported that 

 �� ≈ ������2��   (2.4) 

where �� is fiber length. This result shows the independence of number of fiber crossings and 

waviness. Several structure-property studies concerning period-amplitude or amplitude-diameter 

of the sinusoidal fibers or nanotubes are reported [72-74]. However, the conclusion was made 

upon the assumption that every single tube is of fixed length 1 ��, which is vastly different from 

reality. These studies show that experimental moduli and conductivity are approximately one-

tenth the theoretical ones of ideal sheets.  

 

Li et al. [75] proposed another way to describe and simulate wavy nanotubes by 

combining several continuous segments with different orientation (see Figure 2.11) and quantify 

the waviness effect on percolation threshold and electrical conductivity in polymer-based CNT 

nanocomposite films. It is also reported in Li’s work that nanotube waviness has a significant 

effect on the electrical conductivity and there is a logarithmically linear relationship between the 

conductivity and the nanotube curl ratio. 

 

2.2.3 Junction Model 

 
Junction model also derives from traditional 2D rigid rod model and intuitively considers 

a CNT network as metal wire one. The core idea of this model is using effective length instead of 

total length. The former is defined as a segment between two junctions while the latter is the 

whole length of a nanotube. With this definition applied, junction model is logically reasonable 

and suitable for modeling CNT network nanostructures in a programming point of view. Since 

CNTs are elongated and three dimensionally entangled, it is difficult to define a single bundle or 

nanotube and recognize their lengths from 2D images. However, by considering every effective 
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length in a CNT network as a resistor, we can describe the connectivity between pairs of 

junctions as a modified adjacency matrix, of which entry ��� has a length value between junction �  and junction �  [76]. Based on the matrix, the electrical paths from the source to the drain 

electrode can be extracted. 

 
 

 

 
Figure 2.11: Wavy nanotubes generated by continuous segments. [75] 

 
 

 

 
Figure 2.12: (a) A simulated CNT network generated by Monte Carlo method. (b) Conducting 

paths of an equivalent resistor network. [77] 
 

In a mixed network of metallic and semiconducting CNTs, the effects of junctions 

determine the electrical properties of the network. The junctions were classified as Ohmic or 

Schottky contacts depending on how the pairs of nanotubes formed. Each junction was modeled 
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as two diodes connected in parallel with reverse polarity (diode ring) for Schottky contact or a 

resistor for Ohmic contact (see Figure 2.12). Since the range of the contact resistance varies [12, 

78-81], the number of each type and the type of each junction are usually obtained from a 

reasonable sampling distribution [61]. Upon all parameters are obtained, the conductivity of the 

network can therefore be determined. 

 

An issue that has to be addressed here is, although an equivalent resistor network has 

been built, Kirchhoff’s current law (KCL) [82] has limitations in simulating the nonlinear 

behavior of mixed networks due to different types of contacts. Kang and Kim [77] used Monte 

Carlo method and Simulation Program with Integrated Circuit Emphasis (SPICE) simulation to 

include the effects of Schottky contacts on the conduction of CNT networks. SPICE is a general-

purpose, open source analog electronic circuit simulator for complex circuit analysis and is a 

powerful tool for estimating nonlinear device characteristics. Figure 2.13 shows a SPICE 

simulation result that formulates critical density of CNTs for conductive percolation in SWNT 

network devices. This result also generalizes the length dependency of the critical density that 

fits the exponential decay function 

 �� = 1 + 15.8 ∙ ��� �− �����0.2 � (2.5) 

 ����� =
��������� �������  (2.6) 

where �� is the critical density, ����� is normalized length, ��������� is the length of nanotube 

that follows Gaussian distribution with a mean of 2.5�� and variance of 0.1��, and ������ is the 

field length of the device, which equals to 5��. 

 

Since the junction model derives from rigid rod model, it also derives the same intrinsic 

drawbacks, such as using perfectly rigid rods and ignoring the tunnel effect. However, the 

innovative concept of effective length neatly solves the long existing problem in accurate 

measurement of CNT lengths. Moreover, a resistance network also enables us to conduct 

network flow algorithms to obtain better predictions of CNT network conductivity. 
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2.2.4 Coarse-Grained Model 

 

For a long period of time, researchers and scientists attempted to build a representative 

model that can adequately describe and predict the electrical behaviors of CNT networks. To 

achieve this goal, various models were proposed under different constrains and assumptions; 

however, most of these models are 2D-based. There are two major reasons choosing not to 

develop 3D models: (1) despite the great progress in nanotechnology, we are still unclear about 

the exact nanostructures inside the objects of interest, such as the actual size of a contact area, 

which results in insufficient information for fundamental modeling; (2) the 3D structure of a 

single CNT is already complicated, so the computational expense to construct a complete 

network can be immense. 

 
 

 

 
Figure 2.13: The critical density as a function of normalized length. The inset shows the mass of 

CNTs for percolating paths as a function of the length and radius of the nanotubes. [77] 
 

Even with powerful computers, considering the number of particles and bonds presented 

along with all the interactions between them, an extremely long processing time for building a 

complete 3D CNT network can be expected. Molecular dynamics (MD) studies were often 

conducted to break this limitation [83, 84]. However, MD uses a limited scope, and deals with 

only a small section of nanotube at a time, which can produce misleading or skewed data. In 
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order to strike a balance between model accuracy and computational cost, coarse-grained 

approaches attempted to apply in modeling CNT networks. A coarse-grain model [85, 86] was 

developed by Laboratory of Atomistic and Molecular Mechanics, Massachusetts Institute of 

Technology, for solving problems in biological science [87]. Rather than explicitly putting each 

parameter on in CNTs, coarse-grained models use a series of “beads” to represent a nanotube. 

Local nanotube behaviors can also be expressed through a number of bead-spring components 

form the coarse-grained model, as shown in Figure 2.14. Due to the reduction in the effective 

parameters and elimination of fine interaction details, the simulation of a coarse-grained system 

requires less resources and has better program execution efficiency than that for the same system 

in all-atom representation [88].  

 

The coarse-grained model has good performance in simulating major mechanisms that 

affect the conductivity of CNT networks, such as waviness and tunneling effects. Li [89] 

proposed a 3D bead-based model to visualize the topology and predict the electrical performance 

of CNT networks with the help of Materials Studio, a commercial software package developed 

by Accelrys Inc., and SPICE. Figure 2.15 shows a general concept of modeling CNTs as 

connected resistance in Li’s work. Since every bead in the model represents part of a CNT, 

intrinsic resistance has been taken into account. The tunneling effect happens whenever the 

distance between two nanotubes is smaller than 0.34�� , which is the van der Waals gap; 

therefore, we can easily detect whether tunneling effects occur by setting up a radius � =

 0.34��  for every bead and calculating the distances �  between any two beads in different 

nanotubes. If � < � for some pair of beads, then we connect the two beads with a resistance 

value to represent the tunneling effect. Wavy CNTs and stretched CNT networks can also be 

visualized by Material Studio; Figure 2.16 shows a randomly generated CNT network and the 

one after being stretched. 

 

Despite that phenomenologically correct CNT network structures were simulated by 

taking advantage of the commercial package Materials Studio, the resistivity prediction results 

were not as good as the model itself. The results only showed good agreement with prediction of 

the pristine CNT networks, but underestimated the resistivity in both directions at higher strains. 

The discrepancy may have been caused by the fact that the intershell conductance was 



23 

substituted as a series of parallel tunneling resistances between two neighboring nanotubes, 

which greatly increase intertube coupling and lower contact resistances between nanotubes. 

 

 
Figure 2.14: (a) Full atomistic and (b) bead-spring representation of a CNT. [90] 

 
 

 

 
Figure 2.15: CNTs as connected resistors using coarse-gained model. [89] 
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Figure 2.16: (a) A randomly generated CNT network and (b) the one after stretching with a 40% 

strain. [89] 
 
 

2.3 Critical Parameters of CNT Networks 

 
2.3.1 Diameter and Length 

 
 In addition to the contact area and types of contacts, the geometry of CNTs is also 

expected to have a substantial impact on the conductivity of a CNT network. Hecht et al. [22] 

measured the conductivity of a SWNT network as a function of the average diameter and length 

of SWNT bundles within the network, respectively. The main assumption in Hecht’s study was 

that contact resistance dominates the total network resistance in the SWNT network. Therefore, 

the conductivity of a SWNT network will be higher if the network consists of longer CNTs, 

since there will be less chance for the bundles to intersect. Hecht showed that bundles of larger 

diameter lead to lower conductivity as 

 �~�−�  (2.7) 

where � is the conductivity and � is the average bundle diameter; � = 2 is the upper bound to 

the exponent. Also, the conductivity is exponentially proportional to length within a fixed range 

of diameter: 

 �~��  (2.8) 

where � is the average bundle length, and � is an exponent between 0 and 2.48 [91]. In short, 

Hecht’s finding showed that longer and “thinner” SWNT bundles lead to an increase in the 



25 

conductivity of SWNT networks. Figure 2.17 briefly illustrates the dependence of the 

conductivity of CNT networks on the average bundle/tube length and diameter. In Figure 2.18(b), 

it can be seen that larger bundles/nanotubes lead to lower conductivity, because the junction 

resistance ���� is independent of the bundle/tube diameter. Later studies reported that this result 

also holds for MWNTs, except that the aspect ratio of CNTs plays a more important role than 

diameter and length do [92-94].  

 
 

 

 
Figure 2.17: Illustration of diameter and length effects. (a) Longer bundles/tubes result in higher 

conductivity. (b) Larger bundles/tubes lead to lower conductivity. [22] 
 
 

Despite the study suggesting put emphasis on CNT dispersion issues, it is very difficult to 

obtain elongated CNTs through dispersion techniques. The main reason is that when we break 

the nanotube clusters into smaller pieces in the solution, we also break the nanotubes themselves. 

In other words, bundle/tube diameter actually varies concurrently with the length. In addition, 

Hecht also found that when the average length of CNTs approaches 20 − 30��, the intrinsic 

resistance becomes comparable to the contact resistance. Therefore, further increases in the 

nanotube length will have a limited or even adverse impact on the conductivity of CNT networks. 

 

Hecht [22] also summarized a plot of experimental results (see Figure 2.18) that showed 

the relationship between the conductivity of CNT networks and the average bundle/tube length 

in the network. Not surprisingly, a positive correlation was observed, since longer tubes lead to 

fewer contacts on an average, and the data are fit to Eq. (2.8) with � = 1.46 . The major 

drawback of the rigid rod model is not being able to include some key parameters of CNT 

networks. For example, it is hard to realize and visualize the curvature and tunneling effect of 

CNTs in a 2D control cell. In addition, some micro or nanoscale features and behaviors of CNT 
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chains cannot be accurately described, either. However, to date, rigid rod model is still widely 

used as a modeling basis due to its simplicity and reasonable numerical calculation results. To 

enhance the functionality of the rigid rod model, some other attributes of CNTs in a network, 

such as nanotube alignment and curvature, are taken into account. These features added not only 

improve the prediction accuracy, but also the extendibility. In the following, we will discuss 

some effects and expansions based on the 2D rigid rod model. 

 
 

 

 
Figure 2.18: Conductivity of SWNT networks vs. average bundle length. [22] 

 
 
2.3.2 Alignment 

 
Due to the strong anisotropy of CNT properties, it is necessary to consider the orientation 

of CNTs. For a CNT network, the anisotropic nature is best preserved and explicitly conceived 

when all the CNTs are aligned in the same direction as an array. Also, aligned CNT arrays 

usually are composed of isolated straight individual CNTs instead of entangled or bundled 

individual CNTs, making it possible to obtain CNT thin films of consistent quality and higher 

conductivity [95]. 

 

There are many experimental techniques available to align a single or an array of CNTs 

along a pre-determined orientation, which can be categorized into two groups according to when 

the alignment is achieved: 

(1) In situ techniques directly align CNTs during the CNT growth process. It is 

straightforward and simple. To date, aligned CNTs are most frequently grown through in situ 
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techniques, such as thermal chemical vapor deposition (CVD) or plasma enhanced CVD 

(PECVD) with the assistance of some catalytic nanoparticles. 

(2) Ex situ assembly of CNTs is a post-synthesis approach for CNT alignment. CNTs are 

first synthesized by CVD or other methods, and then are assembled by electric fields, magnetic 

fields, force fields, or other methods.  

While in situ techniques bear the benefit of straightforwardness and simplicity, ex situ 

techniques are free of growth restrictions such as substrate material or temperature. Therefore, 

from a manufacturer’s point of view, in situ approaches are more appropriate for mass 

production of aligned CNTs, since process simplicity always comes first by the consideration, 

yet for researchers and scientists in the labs, ex situ methods allow them to fabricate various 

samples of interest. 

 

Alignment significantly affects the conductivity of CNT thin films and polymer-based 

CNT nanocomposites [96, 97]. Typically, the nanotubes in CNT films are randomly oriented in 

the plane of the substrate on which they are deposited. There have been some studies focusing on 

aligning single-walled carbon nanotubes, either individually or in a thin film network or 

composite [24, 98-102]. For example, in a recent experimental work, it was found that the 

conductivity of CNT-polymer composites depends strongly on nanotube alignment in the 

composite [100]. In addition, well-aligned dense CNT networks have been grown on quartz 

wafers and are used as the channel material in thin film transistors [24, 102]. 

 

Some theoretical studies reported the conductivity of CNT networks by using rigid rod 

models, but with an emphasis on investigating the effect of stick alignment on the percolation 

threshold [91, 103, 104] of CNT-polymer nanocomposites. Behnam et al. [105] used Monte 

Carlo simulations to study the effects of nanotube alignment and measurement direction on the 

percolation resistivity, and reported that the resistivity minimum occurs for a partially aligned 

rather than perfectly aligned CNT network. This result is in agreement with Du et al.’s work 

[100] (see Figure 2.19) and some experimental work on percolation conductivity in CNT-

polymer nanocomposites. However, as we will discuss in the next section, the critical mass of 

nanotubes needed to achieve the conductivity percolation threshold of nanocomposties is too 

little to form a CNT thin film, so the conclusions drawn for these composites are not applicable 
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for the thin films of CNT networks. Therefore, there are relatively few studies reported on the 

effects of nanotube alignment on the conductivity of CNT thin films, and none of them provided 

a quantitative comparison between simulation results and experimental data. 

 
 

 

 
Figure 2.19: Simulation with different stick alignments. (a) 50 randomly distributed sticks do not 
exhibit a percolation path; (b) 100 highly aligned sticks do not exhibit a percolation path; (c) 100 

randomly distributed sticks exhibit a percolation path in the gray area. [100] 
 
 
2.3.3 Waviness 

 
Despite that many studies discussed waviness and its role in structure-property 

relationships of CNT thin films [71], polymer-based nanocomposites [75, 106, 107], and other 

applications [108], the functionality of waviness remains ambiguous. To date, almost all the 

computational simulations of the electrical conductivity of polymer-based CNT nanocomposites 

assumed nanotubes as straight sticks [100, 104, 109-111]. Waviness is more like a joint effect of 

segment length, alignment, and the number of contacts. An increasing in waviness actually 

implies a decrease in segment length and alignment, and an increase in the number of contacts; 

therefore, further studies are needed for isolating and quantifying the impacts of each parameter. 
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Waviness is also a prevailing feature of carbon nanotubes in composites. Wavy 

nanotubes dispersed in a matrix tend to have more contact points than straight nanotubes, and 

therefore, have a considerable effect on electrical conductivity due to the dominant role of 

contact resistance. Previous studies have investigated the effects of waviness on percolation 

threshold and elastic stiffness of composites. For example, Yi et al. [71] and Berhan and Sastry 

[112, 113] considered the effects of nanotube waviness on percolation onset by approximating 

nanotubes with a sinusoidal shape. Fisher et al. [114, 115] also assumed nanotubes sinusoidal. 

Shi et al. [116] assumed nanotubes to be in a helical shape. More recently, Dalmas et al. [117] 

reported the generation of non-straight nanotubes by using a spline connecting approach. Li and 

Chou [118] simulated wavy nanotubes using polygons. The basic conclusion reached in these 

studies is that the waviness tends to increase the percolation threshold concentration but reduces 

the elastic stiffness. In addition, although the electrical conductivity of composites increases with 

increasing nanotube concentration for both straight and wavy nanotubes, the electrical 

conductivity of composites with wavy nanotubes is much lower than that of composites with 

straight nanotubes. 

 
2.4 Electrical Conductivity Measurement of Carbon Nanotube Thin Films 

 

2.4.1 Test Standards and Protocols 

 
Test methods and standards for measuring thickness of various metal and polymer 

coatings are well-established, such as ISO 2808 [119], ASTM D1005 [120], SS 184160 [121]. 

Some standards and protocols exist, such as ASTM E252 [122], for measuring thickness of thin 

(< 0.015 ���ℎ) metal films by measuring the mass of a sample of known area and density. 

ASTM F2251 [123] contains standard procedures for thickness measurements of flexible 

packaging material; however, the contact micrometers may damage the soft ultra-thin films. 

Ultrasonic handheld devices provide a non-destructive approach to measure the thickness of 

materials, which seems to be ideal for fragile thin films [124]. However, the nanoporosity, ultra-

softness, and surface roughness often lead to the attenuation of sound energy and irregular sound 

velocity, which may consequently have negative impacts on the accuracy of measurements. 

Standards regulating the test methods using ultrasonic thickness gauge can be found in ASTM 

E797M [125], ISO 16831 [126] and BS EN 14127 [127]. 
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Many researchers have found that the electrical properties of CNTs are highly sensitive to 

structural variations [80, 128, 129]. Ebbesen [130] and Shimizu [131] managed to measure the 

conductivity of individual multi-walled carbon nanotubes (MWNTs) using a four-probe 

approach and CNT bridge between thermocouples. IEEE proposed a set of test methods for 

measuring the conductivity of individual carbon nanotubes (IEC/IEEE 62624, [132]). However, 

no standard exists for conductivity measurement of CNT thin films. In recent years, the four-

point collinear probe arrangement has been widely used to evaluate the electrical performance of 

CNT thin films. Standards for four-point probe arrangement to measure sheet resistance of thin 

film semiconductors can be found in ASTM F390-98 [133], ASTM F1711-96 [134]. 

 
2.4.2 Electrical Conductivity Measurements 

 

 2.4.2.1 Four-Point Probe Conductivity Measurement Arrangements. The four-point 

probe arrangement was introduced in order to overcome the drawbacks of the two-point probe 

arrangement [135]. These arrangements are also known as Kelvin techniques, named for Lord 

William Thomson Kelvin, who invented the Kelvin bridge in 1862 to measure unknown 

electrical resistance below 1Ω. The idea was discussed afterwards in depth with comprehensive 

references by Wenner in 1911 [136]. The first application was in 1954 by Valdes [137] on the 

resistivity measurements of semiconductor wafers. In the four-point probe arrangement, two 

probes provide the current path, and the other two measure the voltage. A small amount of 

current passing through the voltage probes results in a parasitic voltage drop caused by ��, ��, 
and ���. However, this voltage drop is negligible, because the current that passed through the 

voltage probes is usually much lower than that through the testing sample.  

 

The probes of the four-point probe arrangement are set collinearly at equal interval S, as 

shown in Figure 2.20. The mathematical expression for the setup can be written as 

 V =
��2�� (2.9) 

where V is the voltage potential adjacent to a probe carrying current, � is the surface resistivity, I 

is the current in the probe, r is the distance between the current probe and the voltage probe. The 

voltage at probe 2 is  

 �2 =
��2� � 1�1 − 1�2+�3� (2.10) 
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At probe 3, the voltage becomes 

 �3 =
��2� � 1�1+�2 − 1�3� (2.11) 

Therefore, the total measured voltage is 

 � = �2 − �3 =
��2� � 1�1 − 1�2+�3 − 1�1+�2 +

1�3� (2.12) 

 
 

 

 
Figure 2.20: An illustration of typical four-point probe arrangement. 

 
 
Since the intervals are equidistant, i.e. �1 = �2 = �3 = � the resistivity ρ can be found by 

 � = 2�� ���� (2.13) 

According to Eq. (2.13), the resistivity of a sample can be obtained with known probe distance, 

application of constant current and the total voltage measurement.  

 

The theoretical derivation of the measurement is intuitive; however, large discrepancies 

are often found between the theoretical values and the experimental data due to two major 

parameters that affect the measurement results. First, the capacity of the equipment was 

overestimated. Most measuring gauges come with their stable range of power output and 

resolution of measurement. The discrepancy can be inaccurate if they are operated out of range 

and resolution. If the measurement system consists of multiple measuring gauges, we should be 

more careful to ensure that the measurements being conducted are within the range and 
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resolution of every gauge in the system so that proper results can be guaranteed. Another reason 

is that we idealize our testing samples and assume that the properties of the samples will not be 

changed as the measurement conditions change. In our case, for example, if some surfactant was 

not fully washed from a CNT thin film, it is very likely that the measured resistivity will be 

much lower than the true value. In addition, a CNT thin film sample that is not completely dry or 

in a humid environment will overestimate the testing results because of the moisture within the 

sample or in the air. 

 

2.4.2.2 Correction Factors for Finite Volume Samples. One major assumption in Eq. 

(2.13) is that the sample is assumed to be of semi-infinite volume. Since the samples are in fact 

of finite size, Valde derived correction factors for six different boundary compositions [137] and 

produced two major findings: (1) if the distance from any probe to the nearest boundary is at 

least 5�, no correction is needed, and (2) for samples less than or equal to 5� in thickness, the 

true resistivity is given by 

 �0 = ���  (2.14) 

where �0 is the true resistivity of the sample, � is the thickness correction factor, and � is the 

geometry correction factor which is used when the sample is not large enough compared to probe 

spacing. The geometry correction factor � can be found from Smits’ work [138] for a given � �⁄  

where � is the dimension (diameter or width) of the sample. Smits also showed in his work that 

for � �� < 0.5, � is proportional to � ��  and shows a linear relationship, which can be written as 

 � = � ����� (2.15) 

where � is the value of � at � �� = 1, � is the slope of the a − � ��  curve, and � is the thickness 

of the sample being tested. In our case, a Jandel Universal Probe (Jandel Engineering Ltd.) 

with  1 ��  probe spacing was used to perform electrical conductivity measurements. To 

determine the value of �, first we considered the resistance � in the system. Since in thin film 

case t ≪ S, a propagation ring was generated instead of a propagation sphere 

 � = ∫ � ��2��� =
�2���3�2 �� 2 (2.16) 

In addition, due to the superposition of the currents from two outer probes, 

 � =
�2� (2.17) 
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Considering Eq. (2.13), (2.16) and (2.17), we have 

 � =
12 ln2 ���� (2.18) 

The correction factor is � = 1 and the constant � =
12 ln2~0.7213. From Eq. (3.5) and (3.10), 

the resistivity of a thin film sample can be calculated as 

 � =
���� 2 �� = 4.53� ��  (2.19) 

Hence 

 4.53
�� =

�� = �� (2.20) 

where �� is the sheet resistance of the sample. Two observations should be noted here: (1) the 

derivations are based on a fact that � �� < 0.5, and (2) �� is independent from all the geometrical 

parameters and can be consider as a unique property of the material. Note the geometrical 

meaning of �� from the definition of resistance 

 � = � ��� (2.21) 

where � and � are the length and width of the sample, respectively. Given a square sample, we 

have 

 � =
�� = �� (2.22) 

Eq. (2.22) also implies the reason the unit of �� is Ω ��� , and the importance of using a square 

sample when possible to avoid round-off errors. 

 
2.5 Summary 

 
2D rigid rod modeling is the state-of-the-art approach for the simulation of CNT 

networks [139-141], but the oversimplification of the wavy CNTs into rigid rods is not an 

accurate representation of the network structure or the interactions between nanotubes. Coarse-

grained models used bead-based nanotubes to simulate stretch-induced CNT network structures 

and their electrical performance. However, the merit of the model can also be its shortcoming. 

These models fail to simulate some macroscale features of CNT networks, such as spirals or 

ring-shaped structures. In addition, the fact that coarse-grained model generates similar 

nanotubes consisted of identical beads also neglects the self-aggregation effect. The simulated 
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results showed agreement with general trends of experimental measurements, but overly 

underestimated the conductivity of CNT networks. 

 

Whether a model gives reliable predictions much depends on the inputs of CNT network; 

therefore, we focused on how to obtain more reasonable and accurate characteristic data of the 

CNT networks. From the review above, length of CNTs is less important than effective segment 

length, which also makes waviness effect is relatively negligible. Orientation of CNTs has a 

great impact on the electrical conductivity of the CNT networks due to the decrease in the 

contact resistance, which is thought to be the dominating parameter of the network resistance 

despite different kinds of CNTs. Since the number of contacts of a CNT network is positively 

correlated to the contact resistance, it is crucial to accurately measure or estimate the real CNT 

network structure in order to investigate the structure-property relationships as well as conduct 

quantitative analysis on CNT networks. 

 

 

 

 

  



35 

CHAPTER 3 

 

IMAGE-BASED CHARACTERIZATION OF CARBON NAONTUBES 
 
 

3.1 Challenges 

 

It is essential to accurately characterize CNT networks before we can explore the 

structure-property relationship. Many studies have shown useful characterization results of CNTs 

in raw material form or in solutions [142]. However, due to the self-aggregation effect [143, 144], 

generic characteristics of CNTs in a network are quite different; therefore, it may not be 

appropriate to use those results of raw material and individual nanotube characterizations as the 

model inputs. 

 

Researchers attempted to directly analyze actual CNT networks to obtain more accurate 

characteristic data. Compared to AFM and TEM, SEM seems most appropriate for image 

analysis. Firstly, transparent target objects in TEM images will make it difficult to apply the 

software or algorithms to remove the noise and extract the foreground. In addition, because AFM 

only scans the very topmost surface of a sample, the nanotubes detected are often shorter and 

form incomplete networks, which may give inaccurate and misleading characterization data of 

CNT networks. SEM images contain non-transparent target objects and moderate grayscale color 

contrasts. In addition, SEM images also provide an adequate number of CNTs that form a solid 

network. All these features have made SEM the best suited to image analyses for 

characterization of CNT networks. However, while it seems a good idea to extract structure data 

directly from the microscopy images, it is also practically difficult considering the complicated 

structures of CNT thin films. Therefore, developing a methodology that finds a representative 

network from the top layers of a thin film sample could be a solution to the problem.  

 

3.2 Image Analysis Algorithm 

 

SEM images of CNT thin films were processed and analyzed to directly obtain important 

topological parameters of CNT networks, including bundle size, effective segment length, and 

orientation as well as contacts. Effective segment length is defined as the length between two 

contacts where the nanotubes intersect. Compared to the TEM and AFM, SEM has better 
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potential for the study of CNT network structures. High transparency of targeted objects in TEM 

images made it difficult to applying software or algorithms for noise removal or extraction of the 

objects of interest [145]. AFM scans a relatively small area at very uppermost surface of a CNT 

network, so the detected nanotubes were often shorter and usually only incomplete networks 

were shown, which may provide inaccurate or incorrect characteristics of CNT networks. Images 

captured by SEM contained non-transparent target objects and moderate gray-scale color 

contrasts. In addition, a large number of nanotubes and their interactions in a network can be 

observed compared to AFM and TEM images. However, due to the working principles, SEM 

images of CNT thin films are often degraded by one or more noise components [146] such as 

isolated pixel spots or small aggregations, or continuous damage that dilutes and irregularly trims 

the contour of the object of interest. In addition, different levels of random noise were inevitable, 

which made image registration related techniques [147] difficult to apply for effective image 

processing to obtain nanoscale network structures. Typical degradations found in SEM images 

are believed to be blurring and random noises. Theoretically, SEM images provide dynamic 

visual feedback in assembling the micro-parts [148], so there are two special phenomena, drift 

and vibration, that can be found in SEM images. They are generated during the imaging process 

when the instrument interacts with the environment and leads to stage creeping [149]. These 

phenomena added irregular blur to the SEM images. Random noises are independent white 

noises added to original images. Whether the additive noises are pure Gaussian is still in debate 

[150]. Some researchers incline to believe that the noises are the sum of Gaussian and Poisson 

noises [151]. A blurred and noisy image can be expressed as 

 �(�,�) = ℎ(�,�) ∗ �(�,�) + �(�,�) (3.1) 

where ∗  denotes convolution, �(�, �)  is the observed image, �(�,�)  is the original image, ℎ(�,�) is a point spread function that defines blurring, and �(�,�) is a random noise added at 

image location (�,�). Please note that ℎ(�,�) and �(�,�) are unknown since we do not know 

noise patterns. It is also important to note that noise is always considered an image’s high 

frequency component, because it implies a sudden change in an image’s intensity level [152]. 

Filters used to denoise the SEM images of CNT thin films should be chosen accordingly in this 

premise. 
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In this research, an image analysis algorithm was developed with C++ and MATLAB 

(The MathWorks, Inc.) to extract high-fidelity CNT network topology from SEM images. First, 

the image was smoothened after the global contrast was tuned. Secondly, a local thresholding 

method was applied to separate upper layers of the CNT network from background. The 

separated network was then skeletonized with undesired parts removed to reveal the skeletal 

structure of the CNT network. Based on skeletal network, critical topological parameters such as 

bundle size, effective segment length, and orientation were calculated. The following explains 

the principles step by step in detail. 

 
3.2.1 Preprocessing 

 
Contrast stretching was applied to find the optimal contrast of the image. Contrast 

stretching, also known as dynamic range adjustment (DRA), is a linear transformation that 

reshapes and evenly spreads the histogram of the image over the full contrast range and keeps the 

relative shape of the histogram [153]. This transformation generates gaps that are uniformly 

distributed between intensity level values in the image, so the object of interest can be 

emphasized but the noise pattern remains unchanged. A generalized contrast stretching approach 

for gray-scale image can be mathematically expressed as 

 �������� = �������� − ���������[� 255�����−������] (3.2) 

where ����� and ����� are the minimum and maximum pixel values present in the image and ������� and �������� are current and transformed pixel values, respectively. Although contrast 

stretching might amplify noise, it is still worthy to use it, because this linear transformation helps 

improve global quality as well as preserve the structural feature and noise pattern of the object of 

interest. The noise can be handled locally by choosing appropriate filters, such as Wiener filter 

discussed in next step. Nonlinear histogram equalization methods can change the noise pattern 

and result in inconsistency of the outcomes and stability of the algorithm. 

 
3.2.2 Noise Reduction and Deblurring 

 
To make sure the accuracy of extracting the object of interest from noisy images, random 

noise and image blurring should be reduced to an acceptable level. Since the noise can be a 

combination of Gaussian and Poisson noise, Wiener filter [154] becomes a good solution. The 

Wiener filter has two separate parts: an inverse filtering part and a noise smoothing part. The 
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inverse filtering part reduces image blurring, while the smoothing part reduces random image 

noises. The Wiener filter finds an optimal tradeoff between these two parts by removing the 

additive noise while simultaneously inverting the blurring. This step strengthens the noise 

reduction when conducting smoothing and is essential to performing thresholding later on, 

because random noises have a huge impact on the calculation of the threshold level used to 

decide how to separate foreground from background. Therefore, it is important to keep the object 

of interest a complete part and prevent it from being degraded by noise of any kind as much as 

possible. 

 
3.2.3 Local Thresholding 

 

Thresholding is the reduction of a grayscale image to a binary one [155]. Since SEM 

image is a 2D rendering of 3D objects, thresholding becomes an important technique that 

guarantees us only the networks on top layers are separated, because they tend to be brighter than 

the other parts of the image. A popular method for the threshold selection is the Otsu’s method 

[39]. However, from the experimental results, the performance of the Otsu’s method is shown to 

be limited by (1) small object size, (2) large variances of the object and the background 

intensities, and (3) large amount of noise added [156]. The latter two are the most significant 

issues for the thresholding operation on CNT thin film SEM images. Local thresholding is an 

efficient way to alleviate the disadvantages [157, 158]. The basic idea of local thresholding is 

divide-and-conquer: the original image was break down into several sub-images of equal area 

before thresholding techniques being applied. This approach neatly reduces the variance of 

foreground and background with a predefined local area and provides optimal threshold values 

for each of them. Local thresholding can be very beneficial to process large-scale images with 

different noise degradations from region to region such as CNT thin film SEM images. In 

addition to Otsu’s method, researchers such as Bernsen [159], Niblack [160], Sauvola [161], and 

Bradley, [162] have proposed various local thresholding methods based on how threshold levels 

are determined. 

 

In this study, Otsu’s method was used to perform local thresholding. It is important to choose an 

appropriate sub-image size for SEM images of CNT thin films. From our experience, square sub-

images with a side length of around 1 8⁄  to 1 6⁄  the longer side of the original image provide 
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most favorable results. That is, the original image is divided into 36~64  sub-images. For 

instance, if the input image is of size 1280 × 960, the sub-image size used for local thresholding 

should be chosen between 150 × 150 to 200 × 200. Examples of local thresholding results with 

different number of sub-images chosen are presented in Figure 3.1. Figure 3.1(a) is the original 

image, and Figure 3.1(b) is the favorable processed result with our suggested sub-image size 

chosen. Figure 3.1(c) and Figure 3.1(d) shows the results where the side length of the square sub-

image are 1 10⁄  and 1 2⁄ , respectively. It can be seen that Figure 3.1(c) reserved many nanotubes 

that do not belong to top layers of the networks and some structural features were missing in 

Figure 3.1(d). 

 
 

 
 

Figure 3.1: Examples of local thresholding results with different number of sub-images chosen. 
 
 
3.2.4 Skeletonization 

 
Skeletonization helps obtain topological information by revealing the center lines of the 

CNTs in a network. The CNT network consisting of only the center lines of the nanotubes is 

called skeletal network in this paper. The whole process is performed through thinning, removal 

of isolating points, and trimming. 
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3.2.4.1 Thinning. The purpose of thinning is to convert binary shapes into 1-pixel wide 

center lines. Here we used the improved version of fast parallel thinning algorithm proposed by 

Lu and Wang [163] to perform this process. 

 

3.2.4.2 Removal of Isolating Points. To remove isolating points (i.e. point pixel is not 

connected to any other foreground pixels), consider the eight neighborhood of some pixel �1, as 

shown in Figure 3.2. Let �(�1) be the number of non-zero neighbors 

 �(�1) = �2 + �3 + ⋯+ �9 (3.3) �1 will be removed if �1 = 1 and �(�1) = 0. 

 

3.2.4.3 Trimming. Similarly, we iteratively removed �1 if �1 = 1 and �(�1) = 1 to trim 

the protrusive pixels. These protrusive parts make no contribution to the total resistance of the 

network, because they do not connect to other network structures and hence no currents flow 

through. Trimming the protrusive parts helps calculate each segment length of the CNT network 

and is also beneficial to the development of analytical models.  

 
 

 

 
Figure 3.2: Eight neighborhood of pixel �1. 

 
 
3.2.5 Decomposition of Rings 

 
The skeletonized network obtained usually contains some “rings” that increase the 

structural complexity of the CNT network. The rings are extra small areas created during the 

thinning process and may have impacts on the electrical performance prediction if the detected 

skeletal network were transformed into an equivalent resistor network used in analytical 

modeling. From our experience, they are proportional to the magnification of the input image. 
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For example, the rings existed in SEM images at 20K magnification are approximately of circle 

shape of radius 2 pixel, and those in images at 80K magnification can be as large as circles of 

radius 8 pixel. These rings mainly consisted of (1) nanotubes with different depth are imaged in 

a 2D plane and detected by the algorithm as connected, (2) extra noisy or blur areas of entangled 

CNTs in the SEM image that decrease the performance of the processing procedures. Therefore, 

an approach was proposed to decompose the rings. This approach iteratively fills and thins the 

areas smaller than certain specified value to correct the position of the skeletal lines and the 

contacts of the skeletal CNT network. The number of iteration was determined by the following 

criteria: 

 ��� = �� �104�+ 1,� > 20000

 2,               � ≤ 20000
 (3.4) 

where ��� is the number of iterations, and � is the magnification of the SEM image. A circle 

shaped mask was used with different radius from 2 to ��� to iteratively decompose the rings from 

the smallest to the largest, so that new rings can be prevented from being created during this fill-

and-thin process.  

 
 

 

 
Figure 3.3: (a) An overlap of original SEM image and (b) the skeletal network with suggested 
number of iterations, and (c) under- and (d) over-decomposed skeletal networks of the same 

region. 
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It is important to choose the number of iterations corresponding to the image. Inadequate 

or excessive number of iterations can lead to structural change of the skeletal network and 

inaccurate topological information. Figure 3.3 shows examples of ring decomposition with 

different number of iterations on a skeletal CNT network. Figure 3.3(a) is an overlap of original 

SEM image and the detected skeletal network (Figure 3.3(b)) with the number of iterations 

suggested in Eq. (3.4) and contacts detected. Figure 3.3(c) and Figure 3.3(d) show under- and 

over-decomposed skeletal CNT networks of the same region with inadequate and excessive 

number of iterations, respectively. 

 
3.2.6 Network Characterization 

 
Since the skeletal CNT network structure was found, topological information can be 

obtained by applying some characterization techniques. In order to facilitate mathematical 

modeling of CNT networks, the positions of every contact or node, and the distributions of 

diameter and orientation of the nanotubes are needed. 

 

3.2.6.1 Detection of Contacts. The skeletal CNT network � is a binary image that only 

contains 0s and 1s. To determine the positions of the contacts, we compute the following 

convoluted image of � by  

 � = � ∗  � (3.5) 

where and � is a 3-by-3 matrix of ones, and �(�,�) ≥ 3 implies that pixel (�,�) is a contact. 

 

3.2.6.2 Detection of Diameter. Since the skeletal network indicates the center lines of 

the nanotubes, the radii can be found by calculating the Euclidean distance from the center lines 

to their nearest edge. Let ��ℎ� denote the binary image after the local thresholding. For every 

pixel (�0,�0) in skeletal network, the distance from the pixel to its nearest background pixel in ��ℎ� can be computed by 

 � =  min
{(x,y): ��ℎ�(�,�)=0}

 ((x− �0)2 +  (y− �0)2)1/2  (3.6) 

The diameter of CNTs centered at (�0,�0) is therefore calculated by  

 � = 2 × �� × � (3.7) 

where �� is the scaling factor that transforms the calculated pixel value to ��. 
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3.2.6.3 Detection of Orientation. Finding orientation of CNTs in thin films has been a 

challenging topic for two major reasons. For one thing, it is difficult to tell where the endpoints 

of a single nanotube are located from an image due to the entanglement. Besides, it is unlikely to 

define the orientation angles for wavy curves such as CNTs. Therefore, a two-dimensional 

probability distribution defined by Zhupanska [164] is commonly used to sample the orientations 

of CNTs for analytical modeling [61, 165, 166].  

Since effective segment length was defined as the length between two connecting 

contacts, the waviness of each segment is slight enough to be assumed straight. A good 

estimation of orientation can hence be obtained by calculating the angle between the horizontal 

axis and the straight segments, as shown in Figure 3.4.  

 
 

 

 
Figure 3.4: Illustration of substitute wavy effective segments with straight ones. 

 
 

3.2.6.4 Detection of Effective Segments. As previously discussed, analytical models 

usually used sampling distributions of CNT length created based on measurements of raw 

materials or suspensions. This could result in inaccurate prediction results. Firstly, geometries of 

nanotubes or their bundles are quite different. The dispersion process broke and corroded 

nanotube bundles and clusters [167], and these downsized nanotubes had a high tendency to self-

aggregation due to strong van der Waals forces during filtration and drying process [37]. 
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Therefore, using CNT geometries in early stage of manufacturing process to represent those in 

the final product could be a potential doubt. On the other hand, it is challenging to identify the 

endpoints, or total length, of a single nanotube in an image, so evaluating the appropriateness of 

model input also becomes a difficult task. 

 

Effective segment length was introduced earlier in this paper as one of critical topological 

parameters to reflect real CNT network structures. The use of effective segment length 

intuitively resolves a possible drawback of using total length of CNTs and is beneficial to the 

development of the equivalent resistor networks. Since the skeletal CNT network obtained from 

the algorithm is a graph, network flow algorithms can be applied. A modified depth-first search 

(DFS) was proposed to calculate the effective segment length between two connecting contacts 

in the complicated large-scale network. Table 3.1 shows the pseudocode of this algorithm. 

 
 

Table 3.1: Modified DFS for calculating effective segment length of CNTs. 

Function DFS-ES ( bool[] Skel, contact[] C ) 

Set Visited[] = Skel[] all false 

Initialize Stack S; Push first C into S 

Predecessor ← first C 

 

While S not empty 

Pop C into Current 

Destack S 

   If Skel[ Current ] not a valid point 

       Visited[ Current ] ← true 

Else if Current already visited 

   Continue 

Else 

   Visited[ Current ] ← true 

   SegmentLength += 1 

   If Skel[ Current ] ∈ C 
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       Predecessor ← Current 

       Record SegmentLength 

       Segment Length ← 0 

 

LocalArea ← 8-connected neighbors of Current 

If ∃��� ∈ LocalArea a valid point 

       Push ��� into C 

 
 

3.3 Verification of the Proposed Methodology 

 
A set of measurements of CNT networks with known parameters were tested to verify the 

proposed approach. However, in the case of network characterization, it seems that what ground 

truth is not well-defined, as the characterization of image generally involves making some 

arbitrary choices. Therefore, gold standard [168] would be more applicable for this case. While 

ground truth refers to an absolute state of information, gold standard is the best effort to obtain 

the truth. In this study, a simulated CNT network was used [169] as the baseline image, and the 

skeletonized one as the gold standard. As previously discussed, SEM noise is believed to be a 

combination of Gaussian and Poisson noise, thus four different levels of mixed noise were added 

to the baseline image to check stability and capability of our proposed algorithm.  

 

To evaluate the performance, false positive rate (FPR) was used. FPR here refers to the 

ratio that the algorithm falsely detects a pixel as part of the gold standard when in fact it is not. 

FPR can be calculated by the following equation 

 ��� =
����+�� (3.8) 

where �� is the number of false positives, and �� is the number of true negatives which refer to 

the number of pixels the algorithm successfully detected as not part of the target. From definition, ��  is equivalent to Type I error in statistics; therefore, algorithms with ��� < 5%  can be 

generally considered to have high precision and good performance. To have an objective point of 

view to evaluate our proposed methodology, percentage error compared to baseline image was 

also introduced as another indicator on detection results of average effective segment length (��s) 
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and average bundle size (i.e. average diameter of the nanotubes, ����), which provides a general 

idea of the capability of a methodology to reveal the whole picture of the object. 

 

A simulated CNT network generated by mesoscopic dynamic model [169] was used as 

the baseline, and the skeletonized baseline image was used as the gold standard. Four different 

levels of Gaussian noise with zero mean and 0.01, 0.04, 0.07, and 0.1 variance mixed with 

Poisson noise were added to the baseline. Here the Poisson noise was generated by using the 

intensity values of the input pixels as the means of Poisson distribution. These four levels of 

mixed noise correspond to low, mid, high, and extreme level degradation. Figure 3.5 shows the 

detection results of noisy images by the proposed algorithm. 

 
 

 

 
Figure 3.5: Detection results by the proposed algorithm on simulated CNT network images with 

different noise levels. 
 
 

Table 3.2 summarizes the detection results of simulated CNT networks with different 

noise levels. To conduct a reliable verification, simulated CNT network images with only 

Gaussian and Poisson noise were also tested. In Table 3.2, Gxxx-P refers to mixed noise with 
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different Gaussian noise variance. For example, G001-P is the simulated CNT network degraded 

by a mixture of Gaussian noise with zero mean and 0.01 variance and Poisson noise. 

 
 

Table 3.2: Detection results of simulated CNT networks with different noise levels. 

Test Image FPR (%) 
Accuracy 

(%) 

Percentage Error (%) ��s ���� 

Gaussian only 2.76 93.28 5.8 0.96 

Poisson only 2.61 94.76 8.55 1.17 

G001-P 2.81 93.35 5.22 0.24 

G004-P 2.86 92.01 5.54 2.37 

G007-P 2.98 88.95 7.19 1.84 

G01-P 3.31 84.91 9.91 8.62 

 
 

From Table 3.2, it can be seen that a stable low average FPR of ~3% as well as high 

accuracy were obtained from every test image. Even for the worse case, the proposed approach 

gave a satisfying accuracy of ~85%. On the whole, the proposed methodology is capable of 

providing reliable structural analysis results of CNT networks based on SEM images. Note that 

the baseline is a 3-channeled color image as well as the noises added, which will lessen the 

efficiency of the algorithm due the increased complexity of the mixed noise. Based on our 

experience, the noise in the SEM images of CNT thin films is usually between mid and mid-high 

level. Since SEM images only generates gray-scale images, high-fidelity characterization results 

by the proposed methodology can be expected to reveal critical topological parameters for 

developing physics-based models of CNT networks. 

 
3.4 Results and Discussion 

 

A systematic study on characterization of different CNT thin films was performed to 

obtain microstructural parameters based on actual CNT SEM images. Brief description of the 

thin film manufacturing process can be found in previous research [34]. The ingredients and 

manufacturers are summarized in Table 3.3. The aligned MWNT thin films with different stretch 

ratios (20% − 80%) were also studied to see how the nanotube alignment affected the network 
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conductivity [28, 170]. All of the CNT thin films were fabricated by researchers at High-

Performance Materials Institute (HPMI) and imaged at 20, 000 × to 100, 000 × magnifications 

by a SEM (JEOL-JSM7401F, JEOL Ltd.). The SEM images of the thin films were then analyzed 

by the proposed methodology to obtain the critical topological parameters of the CNT networks. 

Figure 3.6 shows an example of the processing procedures. 

 
 

Table 3.3: Ingredients and manufacturers of different CNT used in this research. 

Type of CNT Thin Films Manufacturer 

MWNT (Short) SouthWest NanoTechnologies, Inc. 

MWNT (Extra-Long) Nanocomp Technologies, Inc. 

SWNT Nanocomp Technologies, Inc. 

MWNT-SWNT Mixture 
MWNT: SouthWest NanoTechnologies, Inc. 

SWNT: Sigma-Aldrich Co. LLC. 

Stretched MWNT SouthWest NanoTechnologies, Inc. 

 
 
3.4.1 Case Study: Random CNT Networks 

 
The SEM images of CNT thin films were categorized into to two groups: random and 

aligned CNT networks to study the different structural features. The former includes short and 

long MWNT, SWNT, and MWNT-SWNT mixture thin films, and the latter consists of the 

MWNT thin films with different stretch ratio. In this paper, ��s denotes the average effective 

segment length of the CNT network and ���� is the average diameter. 

 

3.4.1.1 Short and Long MWNT Thin Films. SEM images of short and long MWNT 

thin films were processed by the proposed approach and summarized in Table 3.4, as well as 

other characterization results of random CNT networks. As can be seen from Figure 3.7, short 

MWNTs tended to form a dense network and the nanotubes were more entangled compared to 

long MWNTs. The larger edge effect areas in the SEM image also suggest that the surface of 

short MWNT thin films is rougher than that of long MWNT ones as well. On the other hand, 

while long MWNTs had smooth edges, many catalyst residues can be observed and may have 
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some potential negative effects on the detection results. According to our experiments, long 

MWNTs were ~18% longer ���  and ~30% greater ����  than short MWNT. The differences 

lead to different distribution fits and suggest that corresponding adjustments should be made to 

the sampling distributions to reflect the real case when modeling different MWNT networks. 

 
 

 

 
Figure 3.6: Example of a CNT thin film SEM image processed by the proposed methodology. (a) 
Original image. (b) Binarized image that reveals top layer networks. (c) Skeletal CNT network. 

(d) Overlap of (a) and (d) with contacts detected. 
 

 

 

 
Figure 3.7: SEM images of (a) short and (b) long MWNT thin films. 
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3.4.1.2 SWNT Thin Films. Similar to long MWNTs, catalyst residues can be seen in 

SWNT thin films under SEM, as shown in Figure 2.8. Compared to MWNT thin films (~20 �� 

or higher), SWNT thin films are much thinner (~5− 10 ��); therefore, the samples were fragile 

and likely to be unintentionally damaged. Some regions damaged by compression force can be 

found in the image. Fortunately, the proposed algorithm still managed to analyze the networks 

and provided reliable detection results. ���~Γ(1.54,51.37)  and ����~��(12.57,84.87)  with 

averages of 72.01 �� and 12.57 ��, respectively. SWNT shows ~30% greater ���  and ���� 

than short MWNT, which are very similar to long MWNT. Due to the much lower cost and 

convenience of mass production compared to SWNT, long MWNT was thought to be more 

preferable as a reinforcement material used in nanocomposites [171, 172]. 

 
 

 

 
Figure 3.8: SEM image of an SWNT thin film. 

 
 

3.4.1.3 MWNT-SWNT Mixture Thin Films. MWNT-SWNT mixture thin films with 

5%, 10%, 15%, and 20% SWNT (see Figure 3.9) were analyzed and complied in Table 3.4. It 

is noted that ��� decreased and the electrical conductivity increased when more SWNTs were 

added. It has been shown [22] that contact resistance dominates the overall network resistance 

for SWNT case, and this conclusion was also adopted as true for MWNT networks. The 

experimental results may suggest that when MWNT and SWNT were mixed, despite the 
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increased number of contacts per unit length, these added SWNTs created different types of 

contacts and increased the number of conducting channels as well as the throughputs of the 

electric currents. Under such circumstances, contact resistance might no longer be the only 

parameter that dominates network resistance. 

 
 

 

 
Figure 3.9: SEM images of MWNT-SWNT mixture thin films with (a) 5%, (b) 10%, (c) 15%, 

and (d) 20% SWNT. 
 
 

Table 3.4: Characterization results of random CNT networks. 

Type 
Effective Segment Length (��) Diameter (��) 

Average Distribution Fit Average Distribution Fit 

MWNT (Short) 55.68 Wei(60.44,1.31) 9.56 ���(0.24,2.65,7.79) 

MWNT (Long) 64.47 Γ(1.51,47.84) 11.91 ��(11.91,76.98) 

SWNT 72.01 Γ(1.54,51.37) 12.57 ��(12.57,84.87) 

MWNT-SWNT 

Mixture 

(�% − ��% SWNT) 

47.19~53.93 ~Wei(55.01,1.35) 6.8~7.24 ~���(0.24,1.35,5.89) 
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It can be also observed from Table 3.4 that ���~Γ when CNT networks consist of longer ���  and ���~Wei when ���  is shorter. In addition, 10 ��  seems to be a separation value for 

different distribution fits of bundle size. These experimental findings show quite different results 

compared to the commonly used assumptions in analytical modeling that the length and diameter 

of CNTs follow Weibull or Gaussian, and normal distribution, respectively [31-34]. On the other 

hand, the orientation distribution obtained from the proposed approach shows similar results to 

previous research [173]. The experimental data of orientations from the random networks are 

compiled in Figure 3.10. As can be seen, the fourth-order Fourier series fits the symmetrical and 

periodic experimental results. In addition, the fitted function also agree with the experimentally 

quantified results by Raman spectrum [34]. This result suggested that the extracted CNT 

networks were good enough to represent the whole complicated 3D network structures. The 

critical topological parameters, including ���, ����, and orientation, provided a clear picture of 

random CNT networks about the structural features and were beneficial to the development of 

physical-based models of CNT networks. 

 
 

 

 
Figure 3.10: Orientation distribution of random CNT networks. 

 
 
3.4.2 Case Study: Aligned CNT Networks 

 

MWNT thin film with a stretch ratio of 20%, 30%, 35%, 40%, 60%, 68%, and 80% 

were prepared. Figure 3.11 shows some example SEM images of stretched MWNT thin films. 

As previously discussed, stretching the thin films lead to a decrease in the number of contacts per 
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unit length. Therefore, an increase in the electrical conductivity can be expected. The 

characterization results and electrical conductivity of the samples were measured and reported in 

Table 3.5. It is noted that ����~���(0.25,3.29,11.22) with an average of 14.06 �� for all the 

cases. 

 
 

 

 
Figure 3.11: SEM images of (a) 20%, (b) 40%, (c) 60%, and (d) 80% stretched MWNT thin 

films. 
 
 

It can be seen in Figure 3.12 that the average length of effective segments of a CNT 

network is positive correlated to its stretch ratio as well as electrical conductivity, because the 

number of contacts per unit length decreased after the network was stretched. In addition, the 

average diameter of the nanotubes increased by ~50% compared to non-stretched MWNT thin 

films. One of the reasons is the re-assembling of CNTs due to the mechanical strain force. It is 

also a possibility that our proposed algorithm worked less efficiently on SEM images of 

stretched CNT networks, because there are much less edge effects on the flattened and squeezed 

nanotubes and hence the edges looked vague under SEM. Furthermore, a threshold value can be 

observed at around 40% stretch ratio. It can be seen that both effective segment length and 

electrical conductivity of the CNT network grew stably in [0%, 40%] and increased drastically 
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afterwards. CNT thin films have been proven barely possible to stretch over 40% with simple 

mechanical stretching due to the small aspect ratio of CNTs in the range of 10,000 and poor in-

plane mechanical properties [28]. Researchers at HPMI managed to overcome the physical 

constraints by applying a novel resin assisted stretching approach [170]. Cheng [28] reported that 

~80% of the nanotubes were aligned in a 40% stretched CNT thin film using polarized Raman 

scattering test; therefore, the 40% stretch ratio of CNTs is also considered another important 

threshold of great improvements on electrical conductivity of CNT thin films based on our 

experimental data.  

 
 

Table 3.5: Effective segment length and electrical conductivity of stretched CNT networks. 

Stretch Ratio 

(%) 
��� (��) Distribution Fit 

Electrical 

Conductivity (� ��⁄ ) 

0 52.03 Wei(60.44,1.31) 398.5 

20 69.05 Wei(74.27,1.26) 489.6 

30 86.39 Wei(93.45,1.28) 507.2 

35 90.8 Wei(94.18,1.3) 552.1 

40 91.57 Wei(96.76,1,27) 624.9 

60 103.76 Γ(1.28,80.89) 1329.25 

68 120.41 Exp(119.91) 1593.48 

80 136.2 Exp(135.91) 1977.7 

 
 

As previously discussed, contact resistance is believed to dominate network resistance. 

Based on the conductivity measurements of CNT thin films with different stretched ratio, a 

similar conclusion can be drawn, because an increase in average effective segment length implies 

a decrease in the number of contacts per unit length. Dr. Grüner’s group [22] reported a 

relationship between average SWNT bundle length and conductivity, which was considered a 

fundamental structure-property feature for electrical conductivity of CNT networks. In this study, 

the relationship among stretch ratio, ��� , and electrical conductivity of CNT networks was 

investigated by our image-based methodology, as shown in Figure 3.12.  
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Figure 3.12: Relationship of (a) effective segment length vs. electrical conductivity and (b) 

stretch ratio vs. electrical conductivity and effective segment length. 
 
 

It is important to note that a dose-response relationship [174] can be found in both stretch 

ratio vs effective segment length and electrical conductivity vs. effective segment length cases. 

This observation indicates the existence of threshold value. From Figure 3.12, these values can 

be found at ~90 nm effective segment length and ~40% stretch ratio which agrees with the 

physical limits as previously discussed. Once the constraints were overcome, the electrical 

conductivity would increase drastically. By calculating the value of convergence of the dose-

response curve in Figure 3.12(b), theoretical maximum electrical conductivity value of MWNT 

thin films can be estimated as ~2200 � ��⁄  when 100% stretch ratio was reached. 

 

To investigate how different stretch ratios affect the orientation of CNT networks, the 

orientation angles (θ) were measured and analyzed. Figure 3.13 shows the results of random, 

40%, 60%, and 80% stretched MWNT thin films. A centralized tendency can be observed as 

the stretch ratio increased and the distribution fit of θ changed from fourth-order Fourier series to 

normal distribution, and finally to Cauchy distribution. It is noted that in Figure 3.13(b)(c), 

although θ~N  still holds for both cases, the standard deviation decreased by ~20% . As 

previously discussed, 40% stretch ratio lead to ~80% nanotube alignment and is a threshold of 

great improvement. Assume that CNTs with −20 ≤ θ ≤ 20  as aligned, considering that the 

orientation data were obtained from an estimation method, it can be inferred from Figure 3.13(d) 

that ~90% of the nanotubes were aligned. This 10% improvement from 80% to 90% on CNT 

alignment was actually obtained by doubling the stretch ratio from 40% to 80%. Despite the fact 

that theoretically CNT alignment can reach 100% , it is highly unlikely in practice and the 
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marginal benefit is far too small. Therefore, 80% stretch ratio can be thought to be practically 

optimal to maximize the nanotube alignment as well as the electrical performance of MWNT 

thin films. 

 
 

 

 
Figure 3.13: Orientation distribution of (a) random, (b) 40% stretched, (c) 60% stretched, and (d) 

80% stretched MWNT thin films. 
 
 
3.4.3 Case Study: Proposed Methodology as a Preprocessing Tool 

 

As previously discussed, importing raw SEM images directly into SIMAGIS can lead to 

an underestimation of the parameters in some cases. Here we applied our proposed approach to 

preprocess the SEM images before they were imported. The measurement results of the 

dimensions of CNTs before and after preprocessing were compared based on manual 

measurements. Micromechanics model [173] that calculates the elastic properites of MWNT-

BMI nanocomposites was used as an example to show how accurate measurements can impact 

model predictions. 
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3.4.3.1 Improvement on Measurements. Before the simulation was conducted, the 

processed images were verified to confirm they can provide more accurate and unbiased results. 

Figure 3.14 shows that the results provided by the processed images gave a similar trend 

compared with manual measurements. These data showed that compared to raw images, those 

preprocessed by the image-rebuilding algorithm provided a ~100% increase in average diameter 

and a ~40%  predictive improvement based on the SIMAGIS calculation. The predictive 

improvement is defined as: 

 PI% =
�������−�������−�������−��������  (3.9) 

where ������  is experimental data, ������  is data obtained with raw images imported, and ������ is data with preprocessed images imported. 

 
 

 

 
Figure 3.14: Comparison of average CNT diameter measurements. 

 
 

Since the processed images gave a consistent trend of diameter measurement with manual 

measurement, statistical fitting tests can be performed on the images to see whether the 

improvement had changed the previous fitting result. If so, the input parameters for the 

micromechanics model should be modified accordingly. Figure 3.15 shows the fitting results of 

both unprocessed and processed images, and the fitted diameter distribution changed from 

Weibull to lognormal. The median moved from ~15 �� to ~40 ��, the range of the bundle 

diameter was extended, and the frequency count of each interval was reduced. It was clearly 

observed that compared to Figure 3.15(a), we can hardly find a bundle diameter smaller than 

10nm in Figure 3.15(b), which is closer to reality and also the major cause of the change in the 
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fitting result. The discrepancy between SIMAGIS calculation results using raw images and 

manual measurement was as high as 68.86%, and the average discrepancy was 58.91%. In other 

words, the calculated tube diameter was smaller than half the actual size. This is majorly because 

of the poor ability of SIMAGIS to correctly recognize CNTs as discussed in Chapter 2. The huge 

discrepancy was significantly improved by using our algorithm to apply the preprocessing 

procedure with an average discrepancy of 19%. With a ~40% predictive improvement, we were 

able to obtain more accurate and realistic micromechanical prediction results. 

 
 

 

 
Figure 3.15: (a) Weibull and (b) lognormal distribution given by SIMAGIS with raw and 

preprocessed images imported. 
 
 

3.4.3.2 Improvement on Model Prediction. Since the micromechanics model was 

Monte-Carlo simulation based, inaccurate input configurations may have resulted in incorrect 

predictions due to the whip effect. After modifying the parameter setting, we went through the 

model to compare the prediction results, as shown in Figure 3.16. It can be clearly seen that there 

is a ~45% improvement in average on the �11 prediction of different samples. Furthermore, for 

the non-stretched samples, the prediction results are almost identical with the experimental data. 

 

Table 3.6 summarizes the nanostructural measurement results, experimental elastic 

modulus data, and the theoretical predictions of elastic modulus for each MWNT-BMI 

nanocomposite sample. The mechanical stretching and tensile tests were conducted using a 

Shimadzu Testing Machine (AGS-J, Shimadzu Scientific Inc., Kyoto, Japan). The theoretical 

Young’s modulus was predicted using the micromechanics model. Note that after the model 

configuration was adjusted, only tube diameter and orientation was considered as parameters 
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compared to the original work [175]. The orientation setting remained the same, while diameter 

data were updated using the new calculation results by SIMAGIS. We found that the accuracy of 

the model prediction capability was significantly improved based on our new setting. The 

discrepancy between theoretical predictions using raw SEM images and experimental data of 

Young’s modulus can be as high as 114%, with an average discrepancy of 84.62%. In previous 

studies, the high discrepancy was thought to be a result of the over-simplified assumptions used 

in the micromechanical approach such as perfect interface [175]. However, with the 

preprocessed images being used, we had a 44% average predictive improvement. In addition, the 

trends of results also corresponded well. Although the average discrepancy using preprocessed 

images is ~40%, it should be noted that for the non-stretched samples, the model prediction 

results were almost identical to the experimental measurement, and for samples with different 

stretch ratio, our models were able to provide stable predictions.  

 
 

 

 
Figure 3.16: Improvements on the �11 predictions. 

 
 

3.5 Summary 

 
Different CNT thin films or networks, including short MWNT, extra-long MWNT, 

SWNT, MWNT-SWNT mixture, and stretched MWNT networks were studied. By using the 

proposed approach, critical parameters of CNT networks can be explored and quantified. This 

approach overcomes the drawback of using controversy assumptions and sampling distributions 

of parameters in some previous CNT network models reported. Threshold values of average 

effective segment length and stretch ratio were found from experimental data, and theoretical 

maximum value of electrical conductivity of MWNT thin film was estimated from a dose-

response relationship.  
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Table 3.6: Structural characterization results of MWNT-BMI namocomposite samples. 

 MWNT-BMI Nanocomposite Sample 

 1 2 3 4 5 6 7 8 9 10 Avg. 

Stretch Ratio (%) 0 0 0 30 30 35 35 40 40 40 — 

Avg. 

Dia. 

(nm) 

Raw 13.41 14.94 15.17 14.58 16.76 16.98 18.65 15.44 9.71 13.15 14.88 

Processed 38.22 34.76 33.8 26.63 25.89 26.71 37.11 24.38 22.62 26.18 29.63 

Manual 
Meas.  43.07 38.63 39.56 32.58 31.77 35.21 45.04 37.29 30.08 31.36 36.46 

PI (%) 57.6 51.31 47.1 36.99 28.74 27.63 40.99 23.97 42.92 41.55 39.88 

E11 

(GPa) 

Raw 75.47 78.49 72.46 216.3 217.1 277.6 270.2 353.8 355.6 356.6 — 

Processed 50.3 50.8 50.57 184.3 198.3 210.8 200.6 264.1 297.8 258.3 — 

Exp. 
Output 46.3 48.5 45.2 121.4 124.5 153.8 147.5 160.7 166.4 169 — 

PI (%) 54.36 57.09 48.43 26.36 15.1 43.43 47.19 55.82 34.74 58.17 44.07 
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CHAPTER 4 

 

ANALYSIS OF VARIANCE ON THICKNESS AND 

ELECTRICAL CONDUCTIVITY MEASUREMENTS OF 

CARBON NANOTUBE THIN FILMS 

 
  

Conductivity measurements rely on accurate knowledge of the thickness of the material. 

Although standard protocols exist for film thickness measurements of materials including 

polymers and metals [119, 121, 122], some unique natures of CNT thin films, such as ultra-thin 

thickness and soft nanoporous structure, have made the measurement process challenging. 

Therefore, obtaining accurate measurements of thickness of CNT thin films to evaluate the 

properties of the networks is critical. 

 
4.1 Challenges 

 

Resistance measurement is an essential test when characterizing conductivity of 

materials. The resistivity of the thin films is highly sensitive to variations by parameters such as 

temperature, humidity, and thickness; therefore, the stability of these parameters is important for 

providing repeatable evaluations of the material properties. 

 

The commonly used method to measure the resistance of a material is known as two-

point probe measurement [176]. Despite the convenience, obtaining the electrical properties of 

materials is often unreliable because the resistance obtained by two-probe measurement cannot 

determine the accurate resistivity for thin film material. The main reason is that the same probe 

that determines the voltage also provides the current. This issue can be solved if the functions of 

the probes are separated so that two probes provide the current path and another two determine 

the voltage. This configuration is the so-called four-point probe measurement. The four-point 

probe approach provides more reliable test results compared to the conventional two-point probe 

method; however, careful setup is required to ensure accurate resistance measurements. The 

critical measeurement parameters include equipment calibration, sample structure, sample size 

and environmental conditions. 
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 Few standards or protocols are available to measure the thickness of soft ultra-thin CNT 

films due to their fragile characteristics. For example, CNT thin films are easy to deform 

permanently and are sensitive to moisture due to nanoporosity. Consequently, the experimental 

data collected usually largely differs from operator to operator. Despite the fact that test 

standards for thickness and electrical conductivity measurements of soft thin films are quite 

complete, no standardized procedures were established specifically for CNT thin films. 

Therefore, a protocol and an experimental setup were proposed and studied to handle the fragile 

CNT thin films as well as provide accurate thickness and electrical conductivity measurement 

results.  

 
4.2 Proposed Method 

 
4.2.1 Thickness Measurement 

 
To demonstrate impact of small variations in thickness measurement on the electrical 

conductivity measurements, Eq. (3.6) and (3.7) show that � is proportional to ��, i.e. any change 

in � will result in an exponential effect on �. In cases where � is tiny such as CNT thin films, � 

becomes very sensitive to � due to the closeness between the thickness unit and the resolution of 

the measurement equipment. For example, the average resolution of measurement gauge is 

~1 �� . Such an error is usually negligible when measuring general-purpose metal sheets 

(~2 �� in thickness); however, the resolution may account for ~5% − 10% inconsistency of 

the test results when determining the ultra-thin thickness of CNT thin films. Due to the unique 

layered and nanoporous structure (see Figure 4.1), CNT thin films can easily be deformed [177] 

by a measurement gauge, which leads to inconsistent thickness measurement results from 

operator to operator. 

 

One of the most commonly seen damages in CNT thin film samples is compression 

deformation when the plunger of the gauge was released onto the sample surface. This damage is 

device independent and inevitable due to the rough surface and nanoporous structure of 3D 

entangled CNT networks. In this study, we proposed adding one or multiple layers of cushion 

sheets as a solution to overcome this drawback and reduce the human error caused by operators 

of different skill levels conducting experiments. An ideal cushion sheet placed on the surface of 
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the test sample should be resilient enough to absorb and distribute the compressing force, and 

bounce back when the force was removed. We chose polyimide sheets as cushions because of 

their resilience, thinness, flexibility, and availability. In order to observe the changes in thickness 

of the test samples, four sets of tests were conducted by operators: CNT thin films with zero, one, 

two, and three layers of cushion sheets. From the measurements of the cushion sheets and the 

measurements of the total thickness, the thickness of CNT thin film for a case of � layers of 

cushion sheets was found by 

 �� = �� − � ∗ ��� (3.15) 

where ��  is film thickness, ��  is total thickness, and ���  is the mean thickness of the cushion 

sheets. Figure 4.2 shows the schematic of our proposed experiment. The MWNT thin films used 

in the experiments were fabricated by HPMI researchers [178]. The thin films and polyimide 

cushion sheets were cut into 2-inch squares to ensure that round-off errors can be avoided, as 

discussed in Section 2, and randomly assigned to two experienced and two inexperienced 

operators. Note that all the MWNT square thin film samples were cut from the same large 

buckypaper (BP) to prevent inter-sample variations. Each thickness test set was performed 30 

times using a HEIDENHAIN MT 1200 length gauge (Heidenhain Corp.). The results were 

plotted and summarized in Figure 4.3 and Table 4.1, respectively. In this paper, �� + ��� refers 

to the case with � layers of cushion sheets laid on the MWNT thin film BP sample. 

 
 

 

 
Figure 4.1: Cross-sectional SEM images of MWNT thin films that show (A) layered and (B) 

nanoporous structure. 
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Figure 4.2: Schematic of the proposed thickness measurement setup. 

 
 

 

 
Figure 4.3: Plots of thickness measurements. 

 
 

Table 4.1: MWNT thin film thickness measurement results. 

 CS BP only BP + 1CS BP + 2CS BP + 3CS 

Thickness 

(��) 
µ σ µ σ µ σ µ σ µ σ 

Operator 1 50.25 0.39 30.97 0.41 33.45 0.5 35.67 0.61 36.1 0.78 

Operator 2 50.15 0.37 30.65 0.92 32.98 0.98 36.03 0.83 35.8 0.98 

Operator 3 49.75 0.31 30.98 0.72 31.05 2.2 35.7 1.21 36.25 1.3 

Operator 4 51.48 0.52 31.07 1.07 31.78 1.56 28.63 1.9 35.85 1.39 
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Figure 4.3 shows individual thickness measurements conducted with the four operators, 

and Table 4.1 gives the sample mean and standard deviations of the observations. Operators 1 

and 2 were experienced users who received their training by professionals and had extensive 

hands-on experiences in thickness measurements of various kinds of materials. Operators 3 and 4 

were inexperienced users who were also professionally trained, but never conducted any 

thickness measurements. The 30 test repeats ensured the stability of the data obtained, and the 

central limit theorem (CLT) can be applied. Figure 3.4 also shows that the well-trained operators 

provided consistent measurements – almost all data points from operator 1 and 2 were plotted 

within an interval of ~2 �� in width. In addition, the measurement results became stabilized 

when two or more cushion sheets were used. Note that the inexperienced operators sometimes 

gave larger variations (e.g. Figure 4.3(B)) and human errors (Figure 4.3(C)) that can be easily 

observed. To determine if there are any statistically significant differences among the results, 

ANOVA [179] with Box-Cox transformation and a significance level of 0.05 was conducted for 

each case and summarized in Table 4.2. Figure 4.4(A) shows the normal probability plots of 

residuals, which suggests the error terms were normally distributed, and based on Figure 4.4(B), 

it can be concluded that the results were not affected by the test sequence. 

 

Tukey’s HSD (honest significant difference) test [180] was performed to conduct 

multiple comparisons of the mean thickness measurements of different operators for different 

cushion layer cases. Table 4.3 compiles the results of Tukey’s test, where 0  denotes no 

significant difference, and 1  denotes a statistically significant difference between the mean 

thickness measurements by the pair of operators being compared under a 0.05 significance level. 

 
 

 

 
Figure 4.4: (A) Normal probability plot of residuals and (B) residuals vs. order of thickness 

measurements. 
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Table 4.2: ANOVA table of thickness measurement results1. (α = 0.05) 

Source DF Adj. SS Adj. MS F-Value P-Value 

Operator 3 322.7 107.552 79.74 0.000 

Parts 3 1856.0 618.655 458.65 0.000 

Operator*Parts 9 789.8 87.752 65.06 0.000 

Error 464 625.9 1.349   

Total 479 3594.3    

 
 

Table 4.3: Tukey’s HSD test results of thickness measurements. (α = 0.05) 

Operator 
Cushion 

Sheet 
BP Only BP + 1CS BP + 2CS BP + 3CS 

2 vs. 1 0 0 0 0 0 

3 vs. 1 1 0 1 0 0 

3 vs. 2 1 0 1 0 0 

4 vs. 1 1 0 1 1 0 

4 vs. 2 1 0 1 1 0 

4 vs. 3 1 0 0 1 0 

 
 

 

 
Figure 4.5: Interaction plot for thickness measurements. 

                                                 
1
 In ANOVA tables in this dissertation, DF, Adj. SS, and Adj. MS refer to degrees of freedom, adjusted sum of 

squares, and adjusted mean square, respectively. 
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An important observation was immediately noticed in Table 4.3 that no statistically 

significant difference can be found between the experienced and inexperienced operators in both �� ���� and �� + 3�� cases. This can also be observed from the interaction plot, as shown in 

Figure 4.5. The parallel green and purple lines suggest that no operator-part interactions, and 

these test results were operator independent. The only parameter that affected the experiment 

outcomes was the sample differences. Such an observation reflected the fact that CNT thin films 

are so soft and fragile that even experienced operators may cause a similar level of damage to the 

samples compared to inexperienced operators. On the other hand, for experienced operators, the 

measurement results were highly consistent while those of inexperienced operators showed 

fluctuations. One possibility is that the locations being tested were rationally chosen by 

experienced operators. Considering the properties of CNT thin films previously discussed, the 

position of the test points should be scattered uniformly over the sample to prevent the deformed 

areas from being measured again. Another possibility is the care taken when placing the samples. 

According to Table 4.1, the test results by operator 3 and 4 have larger standard deviations in 

general, especially when the cushion sheets were added. Since polyimide structures tend to 

bounce back when the compression force is removed, the large variations can be the result of an 

air gap between the sample layers when placing the cushion sheets onto the CNT thin films. Yet 

another possibility to be considered is the familiarity with the measurement gauge. For example, 

experienced operators were able to control the timing of pressing and releasing the plunge of the 

gauge more accurately so that the damages to the test samples were minimized. This 

inconsistency due to different operator skill levels, however, can be corrected by using a 

motorized measurement gauge. 

 

A critical issue here is to decide the appropriate number of layers to use for thickness 

measurements of CNT thin films. Based on �� + 1��  case in Table 4.3, no statistically 

significant difference between operator groups (namely, we have 0s for both 2 vs. 1 and 4 vs. 3 

cases) were found; however, inconsistency can be seen in the other comparisons among 

operators. This observation suggests that the cushion sheets absorbed some energy, but part of 

the compression force was still transferred to the samples and caused some damage of different 

degree that differed from operator to operator. In �� + 2�� case, inexperienced operator 3 gave 

consistent results with experienced operators, while operator 4 provided irregular numbers that 
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were apparently too low, as shown in Figure 4.3(C). Reviewing the red and green lines in Figure 

4.5, operators 1 and 2 results were close and formed a small “X” shape, meaning that the test 

results were almost operator and part independent, and only the operator-part interaction 

fluctuated slightly. For operator 3, the gap between the red and green dots was slightly larger but 

still close. However, the red line shows a drastic drop for operator 4, which suggests the main 

effects and interactions were both too large and irregular to be natural, so we need to consider the 

possibility of human error. Judging from the facts above, the inconsistent data provided by 

operator 4 in �� + 2�� case were biased and very likely caused by human error. 

 

The Tukey’s test in Table 4.3 compared sample means by different operators within the 

cases of different number of cushion layers. In order to study the differences in operators across 

the different cushion layer cases, all 16 possibilities should be taken into account. Therefore, 

another Tukey’s HSD test was performed for all the data in Table 4.1. Table 4.4 compiles the 

grouping information of Tukey’s HSD test, and Figure 4.6 shows the interval plot that visualizes 

the grouping results. Based on the grouping information and the interval plot, no statistically 

significant difference was found among the test results of �� + 2�� and �� + 3�� except for 

those by operator 4 in �� + 2�� case that were thought to be human error, as shown in Group A 

in Figure 4.6. This finding also revealed that the thickness measurements of CNT thin films 

began to stabilize when at least two layers of cushion sheets were used. 

 
 

 

 
Figure 4.6: Interval plot of thickness2. (α = 0.05) 

                                                 
2
 A, B, C, and D on the horizontal axis refer to BP + 1CS, BP + 2CS, BP + 3CS, and BP only cases, respectively.  
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Table 4.4: Grouping information using the Tukey method and 95% confidence. 

Parts*Operator Mean (��) Grouping �� + ���,� 36.2949 A     �� + ���,� 36.1163 A     �� + ���,� 36.0519 A     �� + ���,� 35.9013 A     �� + ���,� 35.8258 A     �� + ���,� 35.7395 A     �� + ���,� 35.6766 A     �� + ���,� 33.4573  B    �� + ���,� 33.0114  B    �� + ���,� 31.8566   C   �� + ���,� 31.1989   C D  �� ����,� 31.1023   C D  �� ����,� 30.9997   C D  �� ����,� 30.972   C D  �� ����,� 30.6764    D  �� + ���,� 28.7583     E 

 
 
4.2.2 Conductivity Measurement 

 
The electrical conductivity of each CNT thin film sample was measured by the four 

operators using a Jandel Universal Probe after the cushion layers were removed. The results were 

plotted and compiled in Figure 4.7 and Table 4.5, respectively. As previously discussed, an 

increase in thickness will decrease the electrical conductivity of the same sample. The test results 

obtained from experienced operators agreed with this conclusion. Figure 4.7 shows that 

experienced operators provided stable and highly consistent test results as the number of cushion 

sheets used increased. For inexperienced operators, however, the conductivity data had larger 

variation. Moreover, a ~20%  discrepancy between the data obtained from the two operator 

groups can be observed in Figure 4.7(C) and Figure 4.7(D). 
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Figure 4.7: Plots of electrical conductivity measurements. 

 
 

Table 4.5: MWNT thin film electrical conductivity measurement results. (α = 0.05) 

 BP only BP + 1CS BP + 2CS BP + 3CS 

Conductivity (�/��) µ σ µ σ µ σ µ σ 

Operator 1 38.99 0.45 35.88 0.32 33.97 0.17 33.99 0.16 

Operator 2 39.65 0.32 36.59 0.24 33.77 0.19 33.76 0.18 

Operator 3 38.81 0.46 39.37 0.24 39.03 0.44 39 0.38 

Operator 4 37.95 0.31 38.61 0.43 40.72 0.37 40.47 0.4 

 
 

In order to have a clearer picture of the experimental data, ANOVA and Tukey’s HSD 

test were performed with Box-Cox transformation and a significance level of 0.05 to determine 

if there are any statistically significant differences among the datasets. Figure 4.8 shows the plots 

of normal probability and residual vs. runs of electrical conductivity measurements. The 

ANOVA results in Table 4.6 indicated that the electrical conductivity was affected by operator 

and the number of cushion sheets used, and there is a significant interaction between operator 
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and cushion sheet effects. The large interaction implies that the effect of cushion sheets depends 

on the operator. 

 
 

Table 4.6: ANOVA table of conductivity measurement results. (α = 0.05) 

Source DF Adj. SS Adj. MS F-Value P-Value 

Operator 3 1658.00 552.666 5592.47 0.000 

Parts 3 497.36 165.786 1677.60 0.000 

Operator*Parts 9 1171.98 130.220 1317.70 0.000 

Error 464 45.85 0.099   

Total 479 3373.19    

 
 

 

 
Figure 4.8: (A) Normal probability plot of residuals and (B) residuals vs. order of conductivity 

measurements. 
 
 

Table 4.7 summarizes the results of Tukey’s HSD test for the pairwise comparison of 

thickness (�) and electrical conductivity (��) measurements. The thickness results were the same 

as those given in Table 4.3. For the latter, Tukey’s HSD test indicated statistically significant 

differences between experienced operators in case �� ����  and �� + 1�  . This result 

suggests that in the both cases, the compression force from the plunge of the gauge either 

damaged the sample directly or was transferred through the cushion layer and caused some 

indirect damage. Although the thickness measurement results showed no significant differences 

in the statistical tests, the damaged regions on the sample led to the inconsistency in electrical 

conductivity tests. On the other hand, for cases �� + 2�� and �� + 3��, experienced operators 

obtained consistent results. This observation confirmed our previous finding that the thickness 
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measurement results began to converge when two or more polyimide cushion sheets were used. 

Based on the observations, it can be concluded that the compression force applied to the sample 

was minimized to a statistically negligible degree with 2 or more cushion sheets used such that it 

did not affect the conductivity measurement. 

 
 

Table 4.7: Tukey’s HSD test results of thickness and electrical conductivity measurements. 
(α = 0.05) (� =Sample thickness, �� =Electrical conductivity) 

Operator 
BP Only BP + 1CS BP + 2CS BP + 3CS � EC � �� � �� � �� 

2 vs. 1 0 1 0 1 0 0 0 0 

3 vs. 1 0 0 1 1 0 1 0 1 

3 vs. 2 0 1 1 1 0 1 0 1 

4 vs. 1 0 1 1 1 1 1 0 1 

4 vs. 2 0 1 1 1 1 1 0 1 

4 vs. 3 0 1 0 1 1 1 0 1 

 
 
The interaction plot in Figure 4.9 indicated that there was a significant operator-part 

interaction. The zig-zag purple and blue lines suggest that the interaction from case �� ���� and �� + 1�� were large; therefore, operator skills in these two cases played an important role in the 

measurements. On the other hand, by analyzing the red and green lines corresponding to case �� + 2�� and �� + 3��, the overlapping and approximately horizontal segments for operators 

1 and 2 suggest that the test results were highly stable and repeatable. For operators 3 and 4, 

although the segments are also close, the sloping trend implies that differences between both 

operators and parts exist. The lack of hands-on experience could be the explanation for this 

phenomenon. 

 

Note that the inexperienced operators gave different electrical conductivity measurements 

for all cases. One of the possible reasons is the samples were damaged by the tweezers when 

moving the samples. As previously discussed, CNT thin films are soft and fragile; therefore, any 

outside force can damage the samples and cause permanent deformation. The 3D entangled CNT 
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networks became more densely packed when compressed, hence the electrical conductivity 

increased if the compressed areas were again tested by the four-point probe. This assumption can 

be verified by re-measuring the thickness of the samples operators 3 and 4 used in case �� +

3��. We found that the thickness of those samples decreased by ~5% − 8%, which could have 

caused the differences. Based on the experimental data, we would suggest operators place one 

layer of cushion sheet on both top and bottom of the samples when moving them with tweezers. 

Another possibility that inexperienced operators gave the fluctuated results is the selection of the 

test area. According to our observation, although the samples were rotated to obtain electrical 

conductivity data from different directions, inexperienced operators tended to conduct the tests 

around the center area, while experienced operators selected regions that were uniformly 

distributed throughout the sample most of the time. For 30 test repeats within a 2-inch square 

sample, it is very likely to select regions that have already been measured if they gathered around 

the center area. As previously discussed, samples can be damaged by the probes of the gauge; 

therefore, a re-test on those points will cause heavier compression damage and lead to higher 

electrical conductivity measurement results. Figure 4.10 shows the SEM images that show the 

compression damages caused by the probes. Note that the tip end width of the probes used was 

100 ��, so the damaged areas were actually larger than expected.  

 
 

 

 
Figure 4.9: Interaction plot for conductivity measurements. 
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Figure 4.10: Compression damage caused by the probes of the measurement gauge at (A) 50 × 
and (B) 250 × magnification. 

 
 

To further examine the possible effects that compression damage could have, we took 

SEM images at higher magnification to check whether the network structures inside and outside 

the compressed areas were changed, as shown in Figure 4.11. Figure 4.11(A)(C)(E) shows areas 

inside and outside the compressed points at × 5000 , × 10000 , and × 40000  magnification. 

Figure 4.11(B)(D)(F) shows areas outside the compressed points at the same magnification level. 

The outside areas contained more white regions due to edge effects [128, 181, 182]. However, 

Figure 4.11(A)(C)(E) shows a more uniform and darker color tone than those in Figure 

4.11(B)(D)(F) since these surface areas were flattened. In other words, Figure 4.11 shows 

evidence that the 3D network structures of CNT thin films were drastically changed after a 

compression force was applied. Considering that a change in thickness will have an exponential 

effect on electrical conductivity, with changes in network structure and thickness, a large impact 

on the electrical conductivity performance of CNT thin film can be expected. 

 

Finally, we checked the test repeats to propose an optimal setup for electrical 

conductivity measurements of CNT thin films. Table 4.8 shows the results of Tukey’s test to find 

a statistically significant difference among the test sets between operators. For experienced 

operators, Table 4.8 shows quite consistent results with Table 4.7, which leads to the conclusion 

that accurate and stable test results can be obtained by using two or more polyimide cushion 

sheets. However, applying too many layers of cushion sheets is not recommended, because, as 

seen in Eq. (3.15), standard deviation of cushion sheet thickness was not taken into account when 

determining sample thickness used for electrical conductivity measurement. Therefore, the 
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discrepancy between true and calculated values of CNT thin film sample thickness will increase 

as the number cushion sheet layers used increased.  

 
4.3 Summary 

 
It was shown that electrical conductivity measurement results can be affected 

significantly by small variations in thickness measurement, and therefore, it is important to 

quantify measurement errors in thickness. Some common mistakes inexperienced operators 

could make were pointed out, and possible actions to avoid these errors were suggested. We 

proposed to use polyimide cushion sheets in thickness measurements of CNT thin films and 

showed that both thickness and electrical conductivity measurement results of CNT thin films 

were stabilized when two or more polyimide cushion sheets were used. In particular, we 

suggested experienced operators apply two layers of polyimide cushion sheets on the test sample, 

while inexperienced operators need three when conducting thickness measurement of CNT thin 

films until they accumulated enough hands-on experience. In addition, we also recommended 

operators place one layer of cushion sheet on both top and bottom side of the test sample when 

moving it using tweezers to prevent the CNT thin films from deforming that leads to changes in 

both thickness and network structures. Finally, we showed that with our suggested system setup 

applied, no statistically significant differences among the experimental data were found from 

experienced and inexperienced operators. 

 
 

Table 4.8: Tukey’s HSD test results of electrical conductivity measurements by different 
operators. (α = 0.05) 

Test Repeat Operator 1 Operator 2 Operator 3 Operator 4 

BP+1CS vs. BP only 1 1 1 0 

BP+2CS vs. BP only 1 1 0 1 

BP+2CS vs. BP+1CS 1 1 1 1 

BP+3CS vs. BP only 1 1 0 1 

BP+3CS vs. BP+1CS 1 1 1 1 

BP+3CS vs. BP+2CS 0 0 0 1 
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Figure 4.11: SEM images that show inside and outside the compressed areas at different 

magnifications. 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

 

 
5.1 Conclusions 

 

Comprehensive understanding of CNT network nanostructures is essential for developing 

efficient and accurate models. An image analysis methodo was proposed to characterize 

nanoscale CNT network structures and actual topological information from SEM images. This 

approach utilizes multiple filters and algorithms to effectively and autimatically detect key 

parameters of CNT networks and represents the first attempt to quantify CNT network 

characteristics based on the SEM image analysis of actual nanotube networks. Through multiple 

case studies, the proposed method was able to reveal the critical parameters of CNT network 

structures and CNT/CNT interaction information. The results are valuble toward developing 

physical-based models of CNT networks, and potentially enabling the investigation of the 

structure-property relationships and performance predictions of CNT networks. The proposed 

method is also important for quality analysis and control of scale-up nanomanucturing processes 

of CNT network based materials and devices. The original SEM image was fine-tuned by 

contrast stretching,denoising and deblurring filters followed by a local thresholding method to 

realize automatical image analysis. The upper layers of the CNT network extracted from the 

image were skeletonized with undesired parts being removed to reveal the skeletal structure of 

the CNT network, and based on which critical topological parameters such as bundle size, 

effective segment length, and orientation were calculated. Multiple case studies of CNT 

neworks, including short MWNT, extra-long MWNT, SWNT, MWNT-SWNT mixture, and 

aligned MWNT networks were characterized and critical topological parameters were identified.. 

To the best of our knowledge, this proposed method is the first attempt to characterize CNT 

network structures directly from SEM images to conduct quantitative analysis. 

 

An ANOVA study to analyze eletrical conductivity of thin CNT networks or films were 

conducted to identify variation souces and increase measurement reproducibility in our lab.    

The research studied and demonstrated the discrepancies between the test results of operators 

with varying experience levels and different experiemnce settings. The discrepancy between 
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thickness measurements of CNT thin films with and without  cushion sheets can be as large as 

~13%. In addition, the use of tweezers to transport the samples can also cause some damage and 

decrease the sample thickness by ~5% − 8%. These variations of thickness measurement will 

further account for ~20% difference in electrical conductivity measurement results. The reseach 

shows that the use of two or more polyimide cushion sheets to avoid sample deformaton and 

damage can lead to more consistent measuremetal results for thickness of CNT thin films. 

 

 Major  phyical limits and boundary conditions of the research results should be also 

addressed. Although similar results could be expected, the CNT network structures and structure-

electrical property relationship may only be valid  for the specific kind of CNTs we used in this 

research. The critical topological parameters may only represent the surface network structures 

of thin CNT films Since CNT networks are of layered structure and 3D entangled, the internal 

network structures may vary from their surface layers. Therefore, the parameters of CNT 

networks extracted by the proposed method is only for  the top or bottom layers of the samples 

we studied. It is also noted that the structure-electrical property relationship revealed in the study 

and discusstion is based on the assumption of contact-dominted condutance of the network using 

short CNTs. The long CNT materials may lead to different structure-property relationships.  

 

The results of this research are valuble to develop physical-based models of CNT 

networks, and potentially enables the performance predictions of CNT thin films or CNT-based 

nanocomposites.. 

 
5.2 Future Work 

 

1. Test of different image inputs. It would be a worthy attempt to consider different kinds of 

CNT network images as input source. As previously discussed, the resolution of AFM and 

TEM images are limited; however, there are also less edge effects. It may be possible to 

obtain more stable results than SEM ones by processing a larage number of images with 

appropriate preprocessing procesures. 

2. Development of equivalent resistor networks. Since characterization data of CNTs were 

obtained, more accurate model predictions can be expected. 

3. ANOVA gauge repeatability and reproducibility (R&R) study on thickness and electrical 
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conductivity measurement of CNT thin films. Determining the capability of each stage of the 

measurements and where the variations came from is essential. By applying gauge R&R, it is 

possible to keep track of the skill levels of the operators and the status of the equipment.  
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	where V is the voltage potential adjacent to a probe carrying current, 𝜌 is the surface resistivity, I is the current in the probe, r is the distance between the current probe and the voltage probe. The voltage at probe 2 is
	Figure 2.20: An illustration of typical four-point probe arrangement.

