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Over the time, the integrity and reliability of civil infrastructures are threatened 

by overloading, fatigue, impact damage, and structural deterioration. Structural health 

monitoring (SHM) is therefore becoming a viable tool to collect real-time quantitative 

data from in-service structures concerning structural condition and performance. 

Being capable of continuously monitoring critical components, SHM systems can 

instantaneously identify damage, guide necessary repairs, and may ultimately help 

prevent catastrophic failure. As the core of SHM, the capability, accuracy and 

reliability of the applied sensing system govern the overall success of the 

implementation of SHM. To date, conventional sensors such as strain gages, 

accelerometers, and displacement gages have been widely employed in SHM systems 

for attaining global or/and local responses of a structure. However, these point-type 

sensors still suffer from limitations and challenges, which indeed have inspired the 

development of next-generation sensing methodologies for SHM. Recent advances in 

nanotechnology offer a variety of self-sensing nanocomposites with integrated 

nanoscale, noninvasive, electrically percolating networks providing exceptional 

sensitivity to sense changes in strain as well as the formation and propagation of 

micro- and macro-damage. By appropriately integrating nanocomposites with 

distributed sensing schemes, an extensive nerve-like sensing system with enhanced 

detection capabilities and spatial sensitivity of strain and growing damage can be 

established for SHM of civil infrastructures.  

ABSTRACT 
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The research work presented in this dissertation advances the state of the art by 

introducing an innovative carbon nanotube (CNT)-based nonwoven composite sensor 

that can be tailored for strain and damage sensing properties and potentially offers a 

reliable and cost-effective sensing option for SHM. First, a readily scalable two-step 

process for manufacturing nanocomposites was developed. Specifically, a thin, 

lightweight and inexpensive nonwoven fabric was selected as the CNT carrier and 

nanotubes were deposited following a dip-coating procedure. Second, the 

microstructure, mechanical, and electrical properties of the proposed CNT-based 

composite sensor were investigated. Its electrical double percolation was observed for 

the first time and its self-sensing capability, and strain sensitivity was validated and 

characterized using coupon-level experiments. The sensors were found to be 

repeatable and respond linearly up to 0.4% strain with achievable elastic strain gage 

factors of 1.9 and 4.0 in the longitudinal and transverse direction, respectively. Third, 

the established composite sensors were further integrated with a difference imaging-

based electrical impedance tomography (EIT) sensing scheme to offer a true two-

dimensional damage sensing methodology, from which damage location, size, and 

severity can be estimated. This represents a significant extension to the commonly 

applied direct current (DC)-based point sensing scheme. Next, a systematic 

characterization of the thermoresistive behavior in these CNT-based nanocomposites 

and multiscale composites was performed under thermal cycling between 25 to 145 

°C. A dynamic dominance for a double-crossover-shaped temperature dependence of 

their resistances was observed and methodically investigated. Finally, a hybrid 

composite system was applied on two large-scale reinforced concrete laboratory 

beams (12 in × 24 in × 16 ft), in which the CNT-modified nonwoven sensing sheet for 
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SHM is integrated with a glass fiber reinforcement to create a combined strengthening 

and sensing solution. The 14-ft-long nanocomposite sensor was interrogated using a 

multiplexing approach with multiple electrodes to spatially estimate the damage 

locations. To date, this is the largest CNT-based composite sensor ever tested. 

The findings from this dissertation research have made important scholarly 

contributions to the fundamental understanding of the sensing networks of the 

innovative CNT-based nonwoven composites. Important broader impacts have also 

been made by promoting applications of using CNT-based sensing composites as 

strain/damage sensors for SHM. The presented methodology has remarkable potential 

to revolutionize the fields of SHM and structural engineering.  
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INTRODUCTION  

1.1 Motivation  and Background 

Civil infrastructure, a universal group of basic structures including bridges, 

buildings, dams, tunnels, pipelines, and many others, supports the operation of a 

society and facilitates economic and civilized development of many regions in the 

world. If structural deficiencies and malfunctions are unable to be detected and 

repaired in time, simply ignoring the structures with poor integrity can ultimately lead 

to tragic consequences such as loss of human lives [1-4]. Structural health monitoring 

(SHM) can be a viable solution to maintain integrity and reliability of structures. SHM 

is a recently developed technology that collects and analyzes the measurements from 

sensors attached to in-service structures in real-time. The collected data are used to 

assess structural performance under ambient loads and to detect and characterize 

structural damage. The ultimate goal is to help owners, builders, and designer of 

structures in rational decision-making on maintenance strategies [5,6]. As SHM 

systems continuously monitor the health of a structure, the cost of unnecessary 

inspections can be minimized. Meanwhile, the instantaneously collected real-time 

information from SHM system can guide inspection intervals and maintenance 

interventions.  

It is obvious that the nationôs transportation infrastructure network continues to 

age. According to the 2017 ASCE report card [7], the overall rating for safety of the 

bridges in the United States is C+ and 9.1% of the nationôs bridges (that is nearly 

Chapter 1 
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56,000 bridges) are rated as structurally deficient. Specifically, steel, reinforced and 

prestressed concrete bridges represent a large portion and crucial components of the 

transportation network. Due to the deficiencies in the bridge codes at the time when 

the bridges were built as well as increasing truck weights and frequencies, many 

bridges have been put under load restrictions or must be renovated before reaching 

their intended service life. SHM as a technique to help prevent and mitigate the 

progress of structural damage, is now more and more recognized and accepted in the 

civil engineering community.  

As the fundamental and critical component in SHM systems, sensors govern 

the overall success of the implementation of SHM. For example, visual inspection 

(i.e., an active nondestructive testing (NDT) method), basing on human senses and 

simple equipment, is a common and dominant SHM approach at present [8,9], 

however, the possibility of undetected damage evolution to critical levels without 

immediate recognition is always a serious cause for concern. As another example, 

deployable sensing systems consisting of conventional sensors such as strain gages, 

accelerometers, displacement gages etc. have been traditionally employed in SHM 

systems [5,6]. The pros and cons of the commonly employed SHM sensors are listed 

in Table 1.1. Generally, these point-type sensors can only cover a finite number of 

discrete points and the selection of critical areas for monitoring remains subject to the 

ownerôs expertise and experience [5,6]. In particular, concrete is a heterogeneous 

material and therefore concrete structures have complex local strain fields and 

nonlinear strain distribution along the gage length [10-12]. To get a global view of a 

concrete structureôs health condition, one practical solution is to apply a distributed 

sensor capable of capturing the response of the entire structure to continuously 
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monitor critical components that show distress [13]. Some experimental work has 

been performed on using distributed sensors for SHM, such as continuous networks of 

fiber optic sensors for one-dimensional strain field monitoring of concrete structures 

[14-16], two-dimensional networks of piezoelectric sensors for spatial damage 

detection [17-19], and laser sensors for assessing loading conditions [20,21] of 

concrete and composite members. Finally, three-dimensional networks of acoustic 

emission sensors have been used for monitoring cracking in concrete structures [22-

25].  

Table 1.1: Typical Sensors for SHM Systems. 

Sensor Type Advantages Drawbacks/Challenges 

Foil/Demountable 

Strain Gages 

[5,26,27] 

Easy to install, accurate, 

available in many sizes, 

well-established 

Heavy wiring needed, quasi-point 

measurement, very sensitive to local 

strain but only if at or nearby 

location of damage 

Accelerometers 

[28,29] 

Easy to install, accurate, 

sensitive to dynamic 

response                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Point measurement, global, 

indirectly correlating to structural 

performance, low sensitivity to local 

damage 

Displacement 

Gages [30,31] 

Easy to install, accurate, 

good linearity within the 

elastic range of the sensor 

and structure 

Point measurement, global, 

indirectly correlating to structural 

health, low sensitivity to local 

damage 

Acoustic 

Emission Sensors 

[24,25] 

Passive (no need for external 

stimulus), volumetric 

coverage, real-time damage 

detection 

Network with large number of 

sensors needed for locating damage, 

difficult to apply,  susceptible to 

ambient noise 

Ultrasonic 

Sensors [32-34] 

Sensitive for locating voids 

and discontinuities in 

concrete, relatively high 

resolution 

Point measurement, must knowing 

the approximate location of damage 

in advance, difficult interpretation of 

outputs   

Fiber-Optic 

Sensors [35-38] 

Capable of distributed 

sensing, no need for 

electrical powder, 

quantitative 

Susceptible to temperature changes, 

extremely small sensing area (fiber 

diameter in micron-lever), 

moderated sensitivity for local strain 
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1.2 Carbon Nanotube-Based Nanocomposites and Multiscale Composites 

Carbon nanotubes (CNTs) exhibit remarkable mechanical, electrical and 

thermal properties [39,40]. Over the past two decades, CNT-based nanocomposites 

have drawn considerable attention and are still extensively investigated due to their 

excellent properties and significant industrial applications [41]. With their 

exceptionally high aspect ratio and small size, CNTs are commonly introduced into 

polymers at a small concentration and then utilized as passive reinforcement to tailor a 

wide range of physical properties, such as Youngôs modulus, toughness, impact 

resistance, electrical and thermal conductivity [42,43]. In addition, by strategically 

combining conventional reinforcing fibers (~µm-scale) with CNTs (~nm-scale) to 

create a macro multiscale material system (~m-scale), structurally hierarchical 

composites can be enabled to further tailor the structural and functional properties by 

the selective reinforcement [44,45]. Specifically, CNTs are predominantly placed in 

two domains including either the entire matrix phase or the immediate vicinity of the 

fibers.  

Dispersing CNTs throughout the fibrous composite matrix can toughen the 

matrix and consequently improve the out-of-plane stiffness, interlaminar strength and 

fracture toughness of the bulk composite which can ultimately enhance its resistance 

to matrix-dominated damage in the form of matrix microcracking and inter-ply 

delamination attributed to the crack bridging effect by CNTs [43,44,46]. This strategy 

is straightforward and simple but neglects the control to the load transfer mechanism 

in the interphase region (i.e., the fiber/matrix interface) and difficulties exist regarding 

achieving homogeneous and stable dispersion of CNTs in the polymer matrix. Large 

CNT agglomerates can lead to a self-filtering effect of CNTs during composite 

manufacturing and thereby significantly compromises the overall performance [45]. 
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Processing approaches for developing such composite systems have been widely 

documented and include shear mixing (i.e., calendaring or three-roll milling) [44,47-

49] and sonication [50,51] for low-viscosity thermosetting resins, melt processing [52-

54] for thermoplastic matrices, and a latex-based approach for highly viscous matrices 

[55].  

On the other hand, hybridizing CNTs onto the reinforcing fibers can 

significantly increase the fiber surface area providing a larger area for transferring 

load, which directly promotes the load transfer efficiency in the interphase [45,56]. 

Additionally, by grafting functionalized CNTs on fibers, the interfacial bond at the 

fiber/matrix interface can be modified as a result of the increased chemical interaction 

within this region [57,58]. Both enhancements can raise interfacial shear strength and 

energy absorbing capabilities attributed to the improvement to the interlaminar 

performance of the multiscale hybrid composites [56,59]. This scheme offers the 

potential to achieve high nanotube volume fractions and functionally upgraded local 

properties, but requires significant process development with respect to the CNT/fiber 

hybridization [43,45,59]. Several CNT deposition techniques have been reported and 

proven industrially scalable as well as cost-effective, such as dip-coating [60-65], 

electrophoretic deposition (EPD) [57,66-68], and spray coating [69,70]. 

1.3 Carbon Nanotube-Based Multifunctional Composites as Resistive Sensors 

Apart from the classical application of CNTs as nanoscale reinforcing 

modifiers, new multifunctional applications of CNT-based composites for damage 

sensing and SHM sensors have been widely explored during recent years due to the 

fast-growing industrial applications of fiber-reinforced composites and the urgent 

demand to improve the in-service reliability of these materials [71]. In 2004, Fiedler et 
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al. [72] first introduced the concept of CNT-based strain and damage sensing in a 

glass-fiber composite with CNT-modified matrix by measuring electrical resistance 

during loading. It is now well accepted that due to their nanoscale size, CNTs are able 

to infiltrate into the matrix-rich regions around the fibers and between the plies of the 

composite resulting in an electrically percolating network where CNTs behave as a 

network of distributed nano-sensors throughout the entire matrix [73,74]. In this way, 

the propagation of micro-sized cracks in the composite can alter the configuration of 

the conductive network by breaking local percolating pathways (i.e., losing CNT-CNT 

contacts), thereby leading to an instant rise in the bulk electrical resistance and 

enabling the in situ damage sensing capability of the multiscale composites. 

Additionally, the real-time resistance changes reflect the transient reaction of the CNT 

network (i.e., changing tunneling gap distance between CNTs or/and CNT-CNT 

contacts) in responding to the deformation that the mechanically strained composite 

undergoes, proving additional information on structural integrity of the composite. 

This is the core of realizing SHM in multiscale composites and is indicative of their 

self-sensing functionality. Similarly, vapors [75], temperature, humidity, infrared 

radiation [76,77] and other physical [78] or chemical [79,80] loads that can give rise to 

variations in dimensions or intrinsic properties of CNT can directly induce resistance 

changes in CNT-based composites. Consequently, these stimuli can be detected 

suggesting a promising route for next-generation SHM systems with multimodal 

sensing capabilities based on CNT composites.  

In particular, the strain sensing functionality of CNT-based nanocomposites 

has been studied experimentally [43,61,81-85] and with numerical simulations 

[82,86]. For instance, Barber et al. [87] among others first used CNTs as stress sensors 
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for the microscale characterization of the glass/polypropylene interface by Raman 

spectroscopy. Dharap et al. [84,85,88] performed several primary studies on the 

macroscale strain sensing by utilizing a CNT film (namely, buckypaper [89] or CNT 

sheet) as a resistive strain sensor and found a nearly linear correlation between strain 

and voltage change. Similarly, Kang et al. [90] systematically characterized the 

piezoresistive responses of buckypaper and CNT/poly methyl methacrylate (PMMA) 

composites under static and dynamic loading conditions and demonstrated linear 

piezoresistivity up to 0.05% and 0.13% strain, respectively; the reported CNT/PMMA 

sensors showed gage factors (GF) of 1.0 to 5.0 and they also produced a long 

continuous strain sensor and suggested potential SHM applications. Loh et al. [91] 

showed that CNT/polyelectrolyte thin films fabricated using a layer-by-layer process 

can be used for strain sensing with linearity up to 1% strain and gage factors from 0.1 

to 1.8. Hu et al. [82,92] and Yin et al. [83] studied the piezoresistive response of a 

CNT/epoxy composite and reported high gage factors of 7.0 in compression and 22.4 

in tension showing linear but unsymmetrical piezoresistivity. They also numerically 

confirmed the dominant role of the electrical tunneling effect for the electrical 

conduction in CNT/polymer nanocomposites simulated using a 3D statistical resistor 

network model [92,93]. This conclusion was in agreement with the numerical results 

obtained by Li et al. [94] and Gau et al. [95]. Many other piezoresistive 

nanocomposite strain sensors were developed by dispersing CNTs into different 

polymer matrices, such as PC [96], PU [97], PP [98], PSF [99], etc. With this unique 

piezoresistive sensing response, CNT-based composites can be utilized as in situ strain 

sensors when integrated directly into the structural material [13,100-103] or as ex situ 
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sensors that can be attached to a structure (i.e., strain sensors 

[61,85,88,90,97,104,105], or body motion sensors [106,107], etc.). 

In addition, the damage sensing capability of self-sensing multiscale 

composites has been systematically characterized. The current state of research related 

to this topic has been comprehensively reviewed by Zhang et al. [71] around 2015. 

Particularly, Thostenson and Chou [74] first experimentally investigated glass fiber 

cross-ply laminates with CNTs dispersed in the matrix for sensing damage evolution 

during static tension. They found that the resistance moderately increases when the 

deformation is elastic but dramatically jumps as delamination is initiated. Later, 

Thostenson and Chou [73] performed real-time in situ sensing of damage evolution in 

the same multiscale composites during cyclic loading. They introduced the concept of 

damaged resistance change, which is equal to the sum of the crack re-opening 

resistance change and the permanent resistance increase change. A similar study was 

also performed by Boger et al. [108]. Subsequently, an engineering application of 

CNT-based SHM was examined on a mechanically fastened composite joint by 

Thostenson and Chou [109] and further investigated by Friedrich et al. [110]. In 

particular, Li and Chou [111] performed numerical modeling of damage detection in 

CNT-modified glass fiber composites, which supported the experimentally obtained 

results showing how the damage evolution affects the electrical resistance. 

Furthermore, particular efforts have been made on sensing the onset failure as 

monitoring damage. Nofar et al. [112] implemented a multiplexing monitoring 

concept on CNT-glass multiscale composites by dividing the bulk composite into 

several zones with multiple intermediate electrodes and then collecting the resistance 

responses from all individual channels simultaneously. The failure location was 
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accordingly identified as the region with greater resistance increase compared to other 

regions on the part. Later, Naghashpour and Van Hou [113] deployed a grid of 80 

distributed surface electrodes on an electrically conductive composite panel made of 

CNT/carbon fiber/epoxy and collected 4-point measurements through the grid points 

as impact damage was applied on the composite panel. The applied damage were 

quantitatively represented by the percentage change in electrical potential between 

grid points and approximately located to the affected grid points between 

measurements.  

Recently, some experimental studies have investigated the CNT-based SHM 

sensors for use in concrete structures. Schumacher and Thostenson [13] applied an 

integrated structural sensing composite patch of CNT/glass fiber/epoxy on a 6 in × 6 

in × 21 in concrete beam specimen that was tested to failure under quasi-static loads. 

The real-time resistive response of the nanocomposite patch displayed a close 

correlation with the mechanical response of the concrete specimen in terms of mid-

span displacement and strain recorded from the point sensors. The damage evolution 

of beam cracking up to failure was represented by the resistance change of the self-

sensing patch, which was also validated by the response of the mounted acoustic 

emission sensor. Additionally, Saafi [114] developed CNT-based cement sensors 

which were embedded into small concrete beams for SHM under monotonic and 

cyclic loadings. A wireless communication system was interfaced with these in situ 

sensors to wirelessly collect their resistive responses. The results clearly demonstrated 

the cracking initiation and propagation of the concrete beam during loading. Similarly, 

CNT-cement composites were also fabricated and tested as ex situ SHM sensors by 

Ubertini, et al. [115] who investigated their potential for dynamic strain monitoring. A 
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2 in × 1.5 in × 2 in CNT-cement sensor was deployed and prestressed on a 14 ft long 

concrete beam which was subjected to a harmonic load varying between 0.25 and 15 

Hz. The resistive response of the CNT-cement sensor showed ideal linear dynamic 

behavior with constant frequency response curves. After processing the resistive data 

by means of the classic frequency domain decomposition method, the power spectral 

densities of the data displayed a strong relationship with the frequency of the 

fundamental vibration mode of the concrete beam as measured by the accelerometers.  

1.4 Problem Statement, Research Goal and Dissertation Organization 

In general, the existing sensing methods are insufficient for SHM and not 

ideally suited for damage sensing of large-scale concrete structures. The 

aforementioned literature search has shown the feasibility and strong potential for 

using CNT-based composites as SHM sensors in light of the instant piezoresistivity of 

the electrically-percolated nanotube networks established naturally in the 

nanocomposites. However, only a few experimental studies have been performed 

toward employing nanotube-based sensing networks for SHM of concrete structures. 

Among the existing work, most of them have investigated the sensing responses from 

the materials point of view based on coupon-level experiments. Furthermore, they 

have important limitations which lead to a significant hurdle to transfer this novel 

sensing methodology to practical applications, including (1) the fabrication methods of 

CNT-based sensors are non-scalable, complex; and expensive; (2) fundamental 

understanding and repeatability of the sensing responses of the CNT-based sensors are 

not fully demonstrated; (3) the spatial sensing capability of the CNT-based sensors is 

substantially limited by the implemented sensing scheme (i.e., the direct current (DC) 
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based point measurements) and not well investigated and (4) temperature effects on 

the resistive responses of the CNT-based sensors are overlooked. 

The goal of this research focuses on the development of an innovative CNT-

based nonwoven composite sensor and advanced sensing schemes that can be tailored 

for strain sensing properties, spatial damage detection and potentially offers a reliable, 

scalable, and cost-effective sensing option with distributed sensing capabilities for 

large-scale SHM systems. In order to achieve this goal, the dissertation is outlined 

herein as follows: 

This chapter introduces the basics of SHM for civil infrastructures and the 

background knowledge about sensing techniques for SHM. A literature review of 

recent advances in CNT-based composites and the concepts and fundamentals of 

CNT-based composite sensors for SHM are provided. The problem statement and the 

general research goal are highlighted. The dissertation structure is also outlined. 

Chapter 2 presents in detail the processing and characterization of the 

distributed strain sensor for SHM using CNT-based nonwoven composites. A simple 

two-step method to fabricate CNT-based composite sensors is introduced. The 

microstructure, mechanical properties, the sensing mechanisms and in situ 

piezoresistive responses of the as-fabricated nanocomposites are fully characterized. 

The tensile and compressive strain sensing capabilities of this nanocomposite for ex 

situ distributed SHM sensors are also demonstrated.  

Chapter 3 introduces a novel methodology for two-dimensional damage 

detection and imaging using the distributed CNT-based composite sensor combined 

with electrical impedance tomography (EIT). The background and recent applications 

of EIT-based damage sensing are first reviewed. The theory and formulation of EIT 
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are then presented. A difference imaging-based EIT algorithm was implemented to the 

formerly developed CNT-based nonwoven composite sensors and the integrated 

sensing approach is investigated for two damage scenarios including well-defined 

damage and drop-weight impact damage. The resulting EIT reconstructions are 

evaluated in detail and compared to infrared thermography images. 

Chapter 4 systemically characterizes the thermoresistive behavior in binary-

phase nanocomposites and ternary-phase hierarchical hybrid composites using in situ 

electrical resistance measurements during thermal cycling between 25 to 145 °C. Four 

series of CNT-based composites (including the previously established CNT-based 

nonwoven composite) with different morphological states of CNTs were fabricated via 

three-roll-milling, dip-coating, and electrophoretic deposition processes. A 

thermomechanical analysis and finite element analysis were also performed to study 

the temperature-dependent materials properties. For SHM applications, a temperature 

compensation method is proposed and verified.  

Chapter 5 presents the experimental implementations of a hybrid composite 

system for integrated structural rehabilitation and SHM of large scale concrete beams. 

The CNT-based nonwoven sensing sheet is used as the ex situ SHM sensor, integrated 

with the glass fiber reinforcement, and deployed on the concrete beam by means of the 

vacuum-assisted-resin-transfer-molding (VARTM) process. Two concrete beams with 

dimensions 12 in × 24 in × 16 ft were pre-cracked and retrofitted using the proposed 

composite system. Both beams were tested to failure and real-time resistance 

responses were measured during the entire loading protocol and compared with the 

member deformations. In particular, a sensing scheme of multiplexing was employed 

to spatially estimate the damage location. 
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Chapter 6 contains the major conclusions of this research, highlights the 

contributions of this research, and provides recommendations for future work.  
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PROCESSING AND CHARACTERIZATION OF CARBON NANOTUBE -

BASED NONWOVEN COMPOSITE SENSORS FOR STRAIN MONITORING  

Significant portions of this chapter are already published in a peer-

reviewed journal: 

¶ Ref.[45]: ñProcessing and characterization of a novel distributed 

strain sensor using carbon nanotube-based nonwoven compositesò. 

Sensors 15(7), 17728-17747 (2015). 

2.1 Introduction  

This chapter introduces a simple two-step method to fabricate CNT-based 

nonwoven composite strain sensors where CNTs are deposited from an aqueous 

dispersion onto a selected nonwoven carrier fabric, followed by infusing an epoxy 

resin into the CNT-modified nonwoven fabric via the vacuum-assisted-resin transfer-

molding (VARTM) process. This manufacturing approach can be readily scaled up for 

large-scale applications. In addition, the sensor utilizes a relatively small concentration 

of CNTs of approximately 1.0% by weight, making it cost-effective. The as-fabricated 

nanocomposite sensor is mechanically robust, strain sensitive, and customizable in 

shape, which is especially important for SHM of large-scale structural members.  

Nonwoven fabrics are plane sheets composed of randomly oriented short 

chopped fibers as schematically illustrated in Figure 2.1a. After depositing CNTs onto 

the preselected fabric, each individual short fiber becomes conductive and the whole 

nonwoven sheet turns into a network of arbitrarily connected resistors. As a result, 

simply implementing end electrodes and injecting an electric current crossing the 

CNT-modified fabric, a web of randomly oriented conductive pathways can develop 

Chapter 2 
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following a random fiber architecture as illustrated in Figure 2.1b. The bulk electrical 

conductivity is governed by the local contacts between individual fibers. In other 

words, due to the nonwoven configuration, an in-plane isotropic conductivity can be 

established in this CNT-based nonwoven composite. The epoxy resin is then infused 

into the CNT-modified nonwoven fabric to hold the CNT network in place, to impart 

mechanical strength to the nonwoven substrate, and to protect the CNT-coating 

against environmental weathering.  
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       (b) 

Figure 2.1: Schematic illustrations of (a) nonwoven fabric and (b) random electrical 

pathways (idealized) formed in the CNT-modified nonwoven fabric.  

This chapter first describes the fabrication process of CNT-based nonwoven 

composite sensors. Next, the strain sensing performance of the sensors produced with 

six types of nonwoven substrates was studied preliminarily for down-selecting the 
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their microstructure and mechanical and electrical properties were experimentally 

characterized in detail. Notably, the self-sensing performance and strain sensitivity of 

the as-produced sensing composites were studied. The distributed sensing capability of 

the proposed CNT composite sensor for ex situ strain monitoring was finally 

investigated by bonding the sensor onto metal substrates of aluminum and steel, and 

subsequently testing it under quasi-static cyclic tensile and compressive loads.  

2.2 Two-Step Manufacturing  

In this study, CNT-based nonwoven composite sensors were fabricated 

following a simple two-step, named here as ówetting-and-dryingô, manufacturing 

process. The ówettingô procedure involves the formation of the nanotube network onto 

a carrier fabric through a solution casting process. The ódryingô process encompasses 

the infusion of epoxy resin into the CNT-modified nonwoven fabric via VARTM 

technique and resin cure. This approach enables application flexibility, since the fabric 

can be conformed to a variety of substrate configurations. By depositing nanotubes 

onto the porous nonwoven fabric, a macroscopic nanotube sensor can be produced 

with a relatively small concentration of CNTs. In addition, due to the high void 

content of the nonwoven fabric, a sufficient resin intake can be guaranteed as infusing, 

which finally results in the epoxy matrix dominated mechanical robustness of the 

CNT-based sensing composite after curing. 

2.2.1 The óWettingô Process 

The used CNT dispersion for solution casting is a commercially available fiber 

sizing agent consisting of nanotubes that are dispersed in an aqueous solution with 

some dispersant and film formers (SIZICYLTM XC R2G, Nanocyl). The solid content 
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in the liquid sizing formulation is about 6%. The overall CNT concentration in the 

sizing agent was found to be approximately 1.5% by weight (wt.%) based on the 

thermogravimetric analysis of the solids after drying. Prior to coating the fabric, the 

sizing agent was diluted with ultra-pure distilled water at certain mass ratios (such as 

1:1 and 1:2, i.e., sizing:distilled water by mass) to improve the workability of the 

sizing agent and to reduce the cost. For instance, based on the calculated concentration 

of nanotubes in the sizing and the mass change of the fabric after coating, it is 

estimated that the total concentration of nanotubes in the fabricated sensors are 1.0 

wt.% and 0.75 wt.% for sizing dilution ratios of 1:1 and 1:2, respectively. To ensure 

uniformity in the CNT dispersions, the diluted sizing was first mixed using a 

centrifugal mixer (THINKY® ARM-310) at 2000 rpm for 120 s and then sonicated for 

15 min in an ultrasonic bath (Branson® 1510). Figure 2.2a shows a small portion of 

the as-prepared CNT dispersion after standing for 5 days in room temperature, 

suggesting a stable and uniform dispersion without observing segregation and 

sediments. Finally, the selected fabric was impregnated for 20 min into the as-

prepared CNT dispersion. Figure 2.2b shows a sample fabric saturated with the 

nanotube dispersion. 
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Figure 2.2: Photographs showing (a) 30 mL sample of the as-prepared CNT 

dispersion after standing for 5 days in room temperature and (b) a sample 

of saturated nonwoven fabric with CNTs following bath impregnation 

(from Ref.[45]).   

2.2.2 The óDryingô Process  

After drying the saturated fabric at 130 °C, the CNTs deposited onto the fabric 

form an electrically-conductive network on the fiber surface. An epoxy resin was 

infused into the fabric using VARTM to form a free-standing sensing composite 

where the nanotube network is protected by the polymer matrix. The epoxy resin 

(EPON® 862, Momentive Specialty Chemicals) was first mixed with an aromatic 

diamine curing agent (EPIKURE W, Momentive Specialty Chemicals) and degassed 

at 60°C for 20 min in a vacuum oven. The resin was then infused into the fabric using 

the VARTM setup as illustrated in Figure 2.3a. A snapshot of an operating VARTM 

setup is also shown in Figure 2.3b. After completing the resin infusion, the epoxy was 

cured in the oven at 130°C for 6 hours. Figure 2.3c displays an as-produced sensing 

composite layer. The final lamina thickness is approximately 470 µm. Figure 2.3c also 

demonstrates the flexibility of the composite sensor and its ability to conform to the 
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shape of structural members. An advantage of this manufacturing process is that it is 

industrially scalable. As shown in Figure 2.3d, a 1 × 4 ft composite sensing patch was 

fabricated permitting large-scale applications.  

Furthermore, CNT composite sensors can be produced using a room 

temperature curing agent (EPIKURE 3223, Momentive Specialty Chemicals), which 

allows the sensing fabric to first conform to the surface of the structure and then 

integrally adhered to the structure on site while curing. In general, the as-fabricated 

sensing composites have very low fiber volume fraction, approximately 8%, owing to 

the high porosity (about 90%) of the nonwoven fabric.  
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(a) 

 (b) 

(c) 

(d)  

Figure 2.3: (a) Schematic diagram of the VARTM process utilized to infuse epoxy 

resin in the nonwoven fabric to form the CNT composite sensors (from 

Ref.[45]), (b) photograph showing an operating VARTM setup during 

manufacturing, and photographs showing (c) a 3 × 5 in free-standing 

CNT sensing composite layer after curing the epoxy, demonstrating its 

flexibility  (from Ref.[45]) and (d) 1 × 4 ft CNT sensing composite patch 

with applied electrodes fabricated for large applications, indicating the 

excellent scalability of the proposed sensing approach.  
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2.3 Experimental Characterization of Self-Sensing Composites 

The microstructure and mechanical and electrical properties of the as-

manufactured CNT sensors were experimentally characterized at the Center for 

Composite Materials at University of Delaware. Prior to the systematic 

characterization, a preliminary study for screening the superior CNT carrier was 

conducted among six kinds of nonwoven fabrics. The preliminary results (showed in 

Section 2.3.2) suggested that the sensor with the aramid nonwoven fabric 

demonstrated a highly repeatable and stable strain sensing response. Consequently, 

CNT aramid nonwoven composite sensors were utilized for the comprehensive 

investigation presented in this chapter. 

2.3.1 Experimental Details 

2.3.1.1 Mechanical and Electrical Measurements  

To fully characterize the self-sensing response of the CNT-based nonwoven 

composites, a series of simultaneous mechanical and electrical measurements were 

conducted under tensile loading conditions. Strain gages (350 ɋ, 3.2 mm long gage 

length, Micro-Measurements®, Vishay Intertechnology Inc.) were used to measure 

strain on the specimens. The mechanical loading protocols for the various specimens 

are discussed in the following sections.  

Prior to conducting electrical measurements, electrodes were applied using 

conductive silver paint (SPI Flash-DryÊ, Structure Probe Inc.). Lead wires were 

anchored to the electrodes using conductive epoxy resin (EPOXIES® 40-3900, 

Epoxies, Etc) which was cured at 90 °C for 30 min. Electrical measurements of the 

specimens were conducted and synchronized with the applied loading protocols in 

real-time. A Keithley 6430 voltage-current meter was used to measure the electrical 



 33 

resistance of the specimen by sourcing a constant voltage of 10 V and measuring the 

resulting current to calculate the electrical resistance (i.e., the two-point method). All 

measurements, including applied load, strain, and electrical resistance, were controlled 

and collected using a customized LabVIEW program (LabVIEW 8.5, National 

Instruments Corporation) at a sampling frequency of 10 Hz.  

2.3.1.2 Preliminary Study 

Several different areal weights and types of fibers were examined as candidate 

substrate materials (Technical Fiber Products). For the initial tests, the nonwoven 

fabrics studied and their areal weights include aramid (26 g/m2), e-glass+carbon (20 

g/m2), polyester (12 g/m2), copper-nickel coated carbon (34 g/m2), carbon with 

polyvinyl alcohol binder (20 g/m2), and carbon with styrene soluble binder (17 g/m2). 

All short fibers have a length of 12 mm as reported by the manufacturer. Figure 2.4 

shows optical micrographs of the as-received fabrics and their porosity. 

Samples of these nonwoven fabrics were first trimmed to 13 × 80 mm size 

patches and processed with the 0.75 wt.% CNT dispersion as per Section 2.2.1. Next, 

the composite sensors were fabricated following the manufacturing process detailed in 

Section 2.2.2. After anchoring electrodes, the sensors were adhered on six aluminum 

tensile bars (178 × 25 × 1.5 mm, 6061-T6) using EPON 862 epoxy resin. Figure 2.5a 

illustrates the specimen configuration and Figure 2.5b shows a photograph of the 

prepared specimens. The baseline electrical resistances of these CNT-based nonwoven 

composite sensors were measured as 88.7 ɋ, 6943.6 ɋ, 1864.5 ɋ, 7.2 ɋ, 21.7 ɋ, and 

44.9 ɋ, respectively.  

All  six specimens were subjected to a quasi-static load-unload protocol using 

an Instron 5567 universal testing machine. The loading protocol was displacement-
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controlled and a displacement rate of 1.27 mm/min was maintained during the entire 

testing history for all six specimens. To introduce elastic deformation to the aluminum 

coupons, the loading protocol consisted of four incremental tensile load steps 

corresponding to 1.5 kN, 3.0 kN, 5.0 kN, and 7.5 kN as the designated peak 

amplitudes. Every loading step included four loading-unloading cycles with the same 

peak amplitude to ensure repeatability. The specimens were also held under constant 

load for 30 seconds in the third cycle of each loading step to examine any transient 

effects such as creep. 

 

(a) (b) (c) 

(d) (e) (f) 

Figure 2.4: Optical micrographs showing the nonwoven structures of the different 

fabrics used in this study: (a) e-glass and carbon, (b) polyester, (c) 

aramid, (d) nickel-copper coated carbon, (e) carbon with poly (vinyl 

alcohol) binder, and (f) carbon with styrene soluble binder. 
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(a) (b) 

Figure 2.5: (a) Schematic diagram (cross-sectional view) of the test specimen for 

preliminary study and (b) photograph of the prepared specimens with 

CNT-based sensors consisting of six different nonwoven substrates.  

2.3.1.3 Microscopic Study 

To study the structure of the electrically-conductive nanotube network, 

scanning electron microscopy (SEM) was utilized to image the morphology of the 

CNT coating on the nonwoven fabric, as well as image fracture surfaces of the as-

produced composite sensors. This experimental investigation was performed at the 

Keck Center for Advanced Microscopy and Microanalysis, at the University of 

Delaware. The specimens were imaged with an AURIGAÊ 60 CrossbeamÊ FIB-

SEM with a 5-kV acceleration voltage. To minimize sample charging, all samples 

were coated with a thin conductive Pt/Au layer (~5 nm) in a vacuum sputter coater 

(Denton Desk IV, Denton Vacuum, LLC) prior to imaging. In particular, the CNT 

nonwoven composite specimens were first immersed in liquid nitrogen for 

approximately 5 min and then fractured in order to obtain a good surface for imaging.  
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2.3.1.4 Self-Sensing Characterization 

First, to learn the electrical percolating behavior of the CNT nonwoven 

composites, eleven individual CNT-aramid nonwoven composite layers (102 × 127 

mm) with CNT concentrations of 1.0 to 0.05 wt% were fabricated (that is, varying the 

sizing dilution ratios from 1:1 to 1:50 as dip coating nanotubes onto the aramid 

nonwoven fabric per Section 2.2.1). Each layer was cut into multiple 13 × 127 mm 

coupons to collect the in-plane baseline resistance measurements. 

Second, the mechanical and resistive response of the proposed composite 

sensors were characterized in tension to determine their mechanical properties, the 

fundamental electromechanical response, and to validate the self-sensing capability of 

the sensors. Three sets of 80 × 127 mm composite layers were prepared. One 

composite was made using only the aramid nonwoven fabric and tested as a reference; 

the other two composites were composed of the CNT-coated aramid nonwoven fabrics 

with CNT concentrations of 1.0 wt.% and 0.75 wt.% per Section 2.2.1. All three 

composite layers were cut into 20 mm wide tensile specimens. For each coupon, a pair 

of 25.4 mm long nonconductive woven glass fiber/epoxy composite (G-10/FR4, 

Professional Plastic Inc.) end tabs were bonded at each end using high strength epoxy 

paste adhesive (Hysol® EA9309, Henkel). The electrodes were located at 3 mm from 

each edge of the end tab resulting in a gage length of 64 mm for all electrical 

measurements. Figure 2.6a illustrates the geometry of the self-sensing CNT composite 

specimen and an actual specimen is shown in Figure 2.6b. 
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(a) 

(b) 

Figure 2.6: (a) Schematic diagram of the in situ CNT composite sensing specimens 

subjected to tension (from Ref.[45]) and (b) photograph of an actual 

specimen tested. 

The mechanical characterization was then conducted while simultaneously 

measuring electrical property changes. All specimens were subjected to monotonic 

tensile loading and tested to failure at a constant displacement rate of 1.3 mm/min 

using a screw-driven universal testing machine (Instron 5567). An acoustic emission 

(AE) system (Physical Acoustic Corporation) was used to monitor damage initiation 

and propagation to validate the self-sensing results obtained using in situ resistance 

measurements. One AE sensor (R6Ŭ, Physical Acoustic Corporation) with 35ï100 

kHz operating frequency was mounted on the center of the specimens. A threshold of 

35 dB was selected to eliminate AE events due to ambient noise not related to the 

formation of damage in the specimen. Figures 2.7a and b show the experimental setup 

for the mechanical characterization of the aramid nonwoven composite (the reference) 
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and the self-sensing characterization of the CNT-based nonwoven composite, 

respectively.  

 

 

(a) 

 

(b) 

Figure 2.7: Experimental setup for (a) the mechanical characterization of the aramid 

nonwoven composite (the reference specimen, no CNT) and (b) the self-

sensing characterization of the CNT-based nonwoven composite. 

2.3.2 Preliminary Strain Sensing Responses of the Composite Sensors with 

Different Nonwoven Substrates 

A sensitive, repeatable and stable sensor is key to enable a successful strain 

sensing application for SHM. A group of six composite sensors with different 

nonwoven fabric substrates were tested preliminarily for strain monitoring of 

aluminum bars under a static tension load. Figure 2.8 summarizes the transient 
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responses of all tested specimens including the applied strain of the tension coupon 

and the simultaneously measured resistive responses of the CNT sensors. It can be 

observed from the bottom graph (= strain) that the aluminum member undergoes 

elastic deformation during the entire loading history without exhibiting any permanent 

strain change. The real-time electrical resistance responses of the six composite 

sensors are shown in the top six graphs as the normalized resistance change which is 

defined using Equation 2.1, 

 Normalized Electrical Resistance Change (%) = 
Ў

 =  × 100% (2.1) 

where R0 is the baseline resistance of the CNT composite measured before mechanical 

testing, R is the measured electrical resistance during testing, and ȹR is the electrical 

resistance change resulting from testing. In this preliminary study, R0 for all six 

sensors is listed in Section 2.3.1.2. 

It can be seen that as the attached sensor deforms with the aluminum member 

there is a clear and instant change in the bulk electrical resistive response for each 

specimen. The reference lines are shown at zero load (= solid line) and peak load (= 

dashed line). Overall, all six composite sensors showed a certain degree of sensitivity 

to applied strain. However, the composite sensors with the nonwoven substrates using 

a carbon with styrene soluble binder and copper-nickel coated carbon show significant 

baseline drifts over time. In addition, these two specimens show poor stability in the 

load holding periods and a corresponding mismatch at the peak loading amplitudes. 

Meanwhile, the sensor with a polyester substrate displays slight shifts at zero load. It 

is clear that three sensors with the nonwoven carriers including e-glass+carbon, carbon 

with polyvinyl alcohol binder, and aramid demonstrate the most robust real-time 

electrical responses from all. 
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Figure 2.8: Preliminary results for monitoring tensile strains using CNT composite 

sensors fabricated with different nonwoven substrates. 
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As introduced in Section 1.3, the established conductive nanotube-based 

networks in CNT composites are inherently piezoresistive, which enables the strain 

sensitivity of CNT composites. The magnitude of the piezoresistive response is 

quantified by the gage factor (G.F., also referred to as piezoresistivity) as defined in 

Equation 2.2, 

 G.F. = 
Ў

 / Ў‐ (2.2) 

where 
Ў
 is the normalized resistance change (in %) calculated by Equation 2.1 and ȹŮ 

is the strain change displayed by the CNT composite due to the applied loads.  

The piezoresistive properties of the CNT composite sensors (with e-

glass+carbon, carbon with polyvinyl alcohol binder, and aramid nonwoven substrates) 

during the uniaxial tensile tests are represented by the resistance change-strain 

responses shown in Figure 2.9. Linear least-squares curve fitting was applied to all 

experimental data shown in Figure 2.9 and expressed as Equation 2.3, 

 y = a x + b (2.3) 

where a and b are the fitting parameters; x and y are the strain and resistive data, 

respectively. 

It was found that all three sensors demonstrate highly linear piezoresistive 

behavior with a linear correlation coefficient above 99% (R2). The slope of the linear 

regression curve, a, that is, the normalized electrical resistance change due to the 

applied unit strain, can be interpreted as an estimate of the G.F. of the sensor. The y-

intercept, b illustrates the sensorôs electrical stability (electrical baseline resistance 

drift) during the entire loading sequence. By comparison, it is notable that the sensor 

with the aramid nonwoven substrate demonstrates the most linear strain sensitivity 

with the lowest baseline resistance drift and highest repeatability. Although the CNT-
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aramid sensor shows lower sensitivity (the slope is lower) as compared to the CNT e-

glass+carbon sensor, the higher linearity and repeatability of the CNT-aramid sensor 

made it the most suitable for strain monitoring. A comprehensive characterization of 

the CNT-aramid sensor is presented in the later sections. 

 

 

Figure 2.9: Piezoresistive responses to tensile strains of CNT composite sensors 

fabricated with different nonwoven substrates. Also shown are the linear 

curve fits, including fitted parameters.  

2.3.3 Microstructure  
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dispersion state of nanotubes is key to form a well-connected CNT sensing network in 

the composites. To better understand the bulk mechanical and electrical properties, 

knowledge about the microstructure of the as-fabricated CNT sensing composites are 

needed. The morphologies of the raw nonwoven fabric, CNT sizing agent, and the 

multiscale composite were herein qualitatively assessed under a SEM.  

2.3.3.1 Constituent Materials 

Figure 2.10 shows the randomly distributed fiber architecture of a nonwoven 

aramid fabric (26 g/m2) in its as-received state. It can be seen that the existing binder 

has a point bonding structure due to the low weight content of binder agent used (12.5 

wt.% as reported by the manufacturer), which creates a thin and slightly rough coating 

on the fiber surface. In addition, the binder accumulates in the fiber intersection points 

from the exterior to the interior of the fabric, forming the bonding sails [1] in the 100 

to 200 µm range (highlighted in circle), which further results in the increase of the 

fabric surface area. As the high magnification SEM image shows in Figure 2.10b, the 

diameter of an aramid fiber is around 12 microns. Meanwhile, local fiber debonding 

and binder cracking are observed at a focused bonding point, which is most likely due 

to the handling of the sample. Based on the clean cracking surface of the binder, it can 

be deduced that the applied binder layer, also referred to as crosslinked polyester (as 

reported by the manufacturer), is much more brittle than the aramid fiber. Also, the 

smooth debonding surface indicates a relatively weak adhesion between fiber and 

binder, which however, is not stringently required for a nonstructural fabric.  
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 (a) 

 (b) 

Figure 2.10: SEM micrographs showing (a) nonwoven aramid fabric in its as-received 

state and (b) individual aramid fiber with binder layer, magnified view of 

the dashed area in (a). 
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A few drops of raw aqueous CNT sizing agent were first placed onto a thin 

stainless-steel shim and then dried at 130 °C in order to acquire a solid CNT sizing 

film for SEM imaging. The morphology of the CNT sizing agent in its solid state is 

presented in Figure 2.11. The low magnification image shows a highly concentrated 

film of CNTs with random agglomerates of 1-2 microns in size, indicating a 

homogeneous in-plane distribution of CNTs. From the high magnification SEM image 

shown in Figure 2.11b, individual curvy CNTs in their free-standing state can be 

clearly observed. Interestingly, there seems to be a multi-layered structure in few 

hundreds nanometer-scale stacked by the interconnected CNT agglomerates in the 

through thickness direction of the film, which is presumably due to the fast 

volatilization of solvent content at 130 °C drying temperature. These loose and 

relatively porous CNT networks can create extra volume between CNTs and CNT 

agglomerates, rendering more surface areas for potential interactions between CNTs 

and their surrounding media such as the fiber and resin in a composite. As a result, this 

special morphological state reveals the potential enhancement to the stability of the 

CNT networks as long as the CNT sizing agent is integrated in the nonwoven 

composites. 
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(a) 

(b) 

Figure 2.11: SEM images showing the morphology of CNT sizing film at (a) low 

magnification and (b) high magnification. 
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2.3.3.2 CNT-Modified Nonwoven Fabric 

Figure 2.12 shows the aramid nonwoven fabric after the deposition of CNTs. 

There appears to be a film-like enclosure of the fiber network that CNTs are covering 

all fiber intersection points and bonding sails of raw fabric as shown in Figure 2.10a, 

indicating the good wettability between the nanotube sizing and the fibers. As the high 

magnification SEM image shows in Figure 2.12b, a uniform CNT coating layer has 

accumulated up to few microns in thickness. Additionally, the polymer solids in the 

sizing act to further bind together the fibers and form the electrically conductive 

network spanning the individual fibers. Locally there is some stripping of the nanotube 

coating, which is likely a consequence of handling the fabric during sample preparation 

for SEM imaging. 

Figure 2.13a shows the nanotube coating that formed at a typical location of the 

fiber bonding sail. There is cracking observed in the fiber bonding point, also likely due 

to handling the fabric after drying, highlighting the need to further protect the fabric 

layer through infusion of an epoxy matrix. Figure 2.13b shows a high-magnification 

SEM image of the formation of a layer with a large concentration of CNTs. CNTs and 

CNT agglomerates are clearly visible. The large amount of nanotubes deposited on fiber 

surfaces effectively forms an electrically-conductive network over the entire fabric, 

imparting electrical conductivity onto the nonwoven fibers. 
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(a) 

(b) 

Figure 2.12: SEM images showing (a) aramid nonwoven fabric with CNTs deposited 

onto the fabric surface and (b) uniform CNT coating on fiber surface, the 

magnified view of the dashed area in (a) (from Ref.[45]). 
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(a) 

(b) 

Figure 2.13: SEM micrographs showing (a) a typical fiber bonding sail area with the 

uniform nanotube coating and (b) a high-magnification image of CNT 

layer as formed on fiber surface (from Ref.[45]).  
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2.3.3.3 CNT-Based Multiscale Composites 

The cryogenic fracture surface of the proposed CNT-based nonwoven sensing 

composites was imaged using a SEM. Figure 2.14a shows a typical fracture surface of 

the multiscale composite demonstrating the brittle cracking of the epoxy matrix and 

the ductile splitting of aramid fibers. Three fibers are seen protruding from the ruptured 

cross-section and their fractured ends have a brush-like appearance with extensive fiber 

splitting, indicating the fibrillation formation in the aramid fibers [2]. In addition, it can be 

seen that the nanotube-based sensor has a low fiber volume fraction overall. From the 

higher-magnification view in the region of the nanotube-modified fibers in Figure 2.14b, 

strong wetting between the coated fibers and the polymer matrix can be observed. 

 

(a) 

Figure 2.14: SEM images showing (a) fracture surface of the sensing composite 

proposed in this study and (b) the CNT-modified fibers in the composite, 

the magnified view of the dashed area in (a) (from Ref.[45]). 
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(b) 

Figure 2.14: continued. 

A more focused region in the CNT-based nonwoven composite is displayed in 

Figure 2.15, where the morphologies of the multiscale components including fiber, 

CNTs and epoxy matrix are clearly imaged. Similar to Figure 2.14, the fractured 

aramid fiber shows a serious split fibrillation and the epoxy matrix presents clean and 

distinctive river lines of cleavage for brittle cracking. Obviously, a few microns thick 

coating of nanotubes is uniformly formed outside of the fiber and spans between 

adjacent fibers. Due to the stress concentration, boundary cracking is found along the 

fiber-CNT and the CNT-epoxy interfaces, making the CNT coating a solid sensing 

layer capable of surviving during and after fracture damage. Additionally, the CNT 

coating shows a rough fracture surface most likely attributed to the loose arrangement 

of the CNT agglomerates as previously demonstrated in Figure 2.11b. It can be 

deduced that the locally integrated CNT layer behaves as an energy absorbing 
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medium, like a ócushionô when the composite fractures. A high magnification view of 

the fractured CNT layer is shown Figure 2.15b, which reveals that the CNTs form a 

relatively porous structure, like a óspongeô, which is partially infused by the epoxy 

resin with small voids less than 500 nm heterogeneously distributed inside. To 

conclude, the globally distributed and locally well-connected CNT network forms 

bridges between aramid fibers. Being impregnated with surrounding epoxy matrix, the 

CNT coating layer ruptures whenever and wherever the composite fractures, thereby 

promoting an in situ damage sensing functionality of the multiscale composite.  

 

(a) 

Figure 2.15: SEM cross-sectional images of the CNT nonwoven multiscale composite 

showing (a) the fractured aramid fiber, epoxy resin, and the locally 

integrated CNT layer and (b) the well-interconnected CNT networks, the 

high-magnification image of the dashed area in (a). 
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(b) 

Figure 2.15: continued. 

2.3.4 Mechanical Properties 

The proposed CNT-based sensing composites are composed of a relatively low 

volume fraction of fibers, approximately 8%, which are also randomly oriented, 

resulting in mechanical properties dominated by the epoxy matrix. To fully understand 

the mechanical properties and failure mechanisms of the sensing composites, a series 

of tensile tests were performed on composite layer specimens per Section 2.3.1.4. 

Acoustic emission (AE) monitoring was applied to verify the damage initiation and 

evolution characteristics of the composites in order to establish their mechanical limits 

for sensing applications.  

The composite specimens, which include the aramid without the nanotube 

coating (the reference), as well as the 1.0 wt.% and 0.75 wt.% CNT loadings, were all 

monotonically tested to failure in tension. The failed specimens are displayed in 
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Figure 2.16. All reference specimens and six CNT composite specimens clearly show 

even macroscopic fracture edges that are perpendicular to the tensile loading direction, 

i.e., indicating a brittle failure mode [3]. The two unusual specimens (No. 1-1 and 2-4) 

failed at the electrodes, which may be due to a stress concentration introduced by the 

electrodes. In addition, all specimens did not demonstrate any cracking pattern along 

the loading direction, suggesting that the nonwoven composites break catastrophically 

with an initial major crack. In short, the evolution of the initial transverse crack 

induces local fiber/matrix interfacial debonding, which propagates locally in the 

transverse direction and causes fracture of the entire system. A similar fracture mode 

was displayed by the nonwoven glass/epoxy composites with a fiber volume fraction 

of 13% according to Rios-Soberanis, et al. [4]. 

 

(a) 

 

(b) 

Figure 2.16: Snapshots of the nonwoven composite specimens with (a) no CNTs (= 

reference) and (b) 1.0 wt.% and 0.75 wt.% CNTs. Also visible are the 

macroscopic fracture surfaces due to tensile failure. 
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The mechanical response of a typical reference specimen during the entire 

tension test is presented in Figure 2.17. It is clear that both the loading and strain 

responses are in a nearly linear fashion without showing any discontinuity that could 

correspond to the initiation of damage. Based on AE activity, it is notable that the 

entire damage progression of the aramid nonwoven composite includes two distinct 

stages (namely I and II shown in Figure 2.17) based on the concentration of AE hit 

rates. Evidently, Stage II is more severe than Stage I because of the significantly 

increased amount of AE hits, implying the initiation and evolution of severe damage 

in this stage. It is also noted that the first increase in AE activity of about 45 hits by 

count appears 21 seconds after loading, as the specimen is loaded to 4.6 MPa, i.e. 

reaching 0.12% strain, which is likely due to the initiation of microcracks in the epoxy 

matrix due to local stress concentrations [2,5,6]. Later, a couple of strong AE hit 

groups of more than 70 hits each, are recorded one after another as the composite is 

loaded to about 14.6 MPa (0.4% strain), making the accumulated AE hit curve first 

start to rise. This is likely caused by the saturation of microcracking in the matrix. In 

addition, due to the low fiber volume fraction, the extensively cumulated microcracks 

in the matrix lead the stress-strain curve of the composite to slightly deviate from its 

initial linear response. Stage I is then defined as the appearance of the initial major 

damage at this moment. As the load increases, AE events are continuously recorded, 

suggesting the propagation of microcracks. At 120 s, AE activity suddenly increases to 

about 250 hits in total, which reveals the initiation of macroscale damage and hence 

the beginning of Damage Stage II. This is likely due to fiber/matrix interface 

debonding as the local microcrack tips approach the fiber/matrix interface. After 

loading the specimen to 39 MPa (corresponding to 1.15% strain), the slope of the 
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stress-strain response obviously decreases corresponding to inelastic mechanical 

behavior and the accumulated AE counts sharply increase due to the growth of 

debonding cracks. Different from unidirectional and laminated composites [2,5,6], all 

fibers in the nonwoven composites are affected by the initial interfacial debonding 

because of the random fiber orientations. Once the first macro debonding crack has 

occurred, the growth of additional cracks along the tensile stress orientation terminates 

due to the lack of unidirectional reinforcement in this direction for effectively 

transferring the applied tension load. In addition, due to the crack-blunting mechanism 

[2], this major crack propagates along the fiber/matrix interface and interconnects with 

surrounding cracks near the crack plane under the increasing tensile stress, which then 

simply slices through the specimen, resulting in the final fracture along the transverse 

direction as shown in Figure 2.16a. This specimen finally failed at a tensile stress of 

60 MPa at 1.9% strain. 
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Figure 2.17: Typical mechanical responses of the nonwoven composite (with 0% 

CNT, the reference) during the uniaxial tension test. 

Based on the aforementioned observations, the elastic strain limit of the 

proposed nonwoven composites is approximately 0.4%. It could be observed that 

damage progression of this composite involves the matrix microcracking and the 

fiber/matrix interfacial debonding. The fracture mechanism is dictated by the 

fiber/matrix interface failure, originally initiated as a debonding crack. This specific 

damage progression could be validated by the in situ resistive responses of the CNT-

based nonwoven composite sensors, which are presented in Section 2.3.5.2.  

Figure 2.18a through c represent the mechanical properties of the different 

aramid/epoxy composites in terms of elastic modulus, fracture strain and ultimate 

strength, respectively. A 12% increase in the elastic modulus of the CNT-coated 

specimens could be observed, indicating the structural enhancement of nanotubes to 
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the bulk stiffness of the composite, which is in agreement with other experimental 

research [7-10]. While there is an increase in stiffness, the coating makes the 

specimens more brittle, and the ultimate failure strain decreases with the addition of a 

CNT coating. This adverse effect agrees with the experimental study by Ci and Bai 

[11] and is speculated to be due to the poor CNT-epoxy adhesion caused by complete 

cross-linking of the epoxy matrix around the nanotubes. Although there is a decrease 

in the average failure strain there is a slight increase in the average strength for the 

sensing composite with 1.0 wt.% CNT loading, owing to its higher elastic modulus. 

The composite sensors with 0.75 wt.% CNT loading show a slight decrease in average 

strength. 
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(a) (b) 

 

 

 

 

 

 

 

 

(c) 

Figure 2.18: Mechanical properties of the aramid/epoxy composite (=0% CNT) and 

the CNT composite sensors (=1.0 and 0.75 wt.%) (error bars represent 

 one standard deviation) (from Ref.[45]). 
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2.3.5 Electrical Properties 

As reviewed in Section 1.3, CNT-based sensing techniques for SHM are 

typically using the in-plane electrical measurements from CNT-based sensing 

networks which largely depend on the electrical conductivity of the as-established 

nanotube networks. Many factors including categories, dispersion states, 

concentrations, etc. of nanotubes, can affect the electrical conductivity of the network. 

Percolation is the top priority to be accomplished in order to enable a well-connected, 

conductive CNT sensing network. In light of this, the percolating behavior of the 

proposed CNT nonwoven sensing composites is demonstrated first and then the 

resistive responses are characterized in the following sections.  

2.3.5.1 Electrical Double Percolation 

A series of CNT-aramid nonwoven composite specimens were prepared per 

Section 2.3.1.1 and the in-plane resistive measurements were acquired at room 

temperature, noted as the baseline resistance. The volume electrical conductivity of the 

composite specimen is calculated using Equation 2.4, 

 „   Ͻ  (2.4) 

where ů is the conductivity (S/m), R is the resistance (ɋ), L (m) is the distance 

between the applied electrodes along the current direction, and A (m2) is the cross-

section area perpendicular to L. In addition, the volume electrical resistivity ɟ (ɋĀm) is 

defined as the reciprocal of conductivity,  

 ɟ =  (2.5) 

Figure 2.19 shows the influence of nanotube concentration on the volume 

conductivity of the as-processed CNT composites. At a concentration of only 0.05 

wt.% of nanotubes the volume conductivity decreases by 130 times in comparison 
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with 1.0 wt.% CNT.  In general, the electrical conductivity of CNT-based nonwoven 

composites is depending on the CNT concentration by following the scaling function 

[12] of Equation 2.6, 

 ů ś (P - P0)t (2.6) 

 

where P is the CNT concentration, P0 is the percolation threshold and t is the exponent 

constant reflecting the system dimensionality with calculated values of ~1.33 in two 

and ~2 in three dimensions [12-14]. By taking into account statistical percolation 

theory [14], this dependence can be predicted by Equation 2.7, 

 ů = n · (P - P0)t , for P > P0 (2.7) 

where n is a fitting parameter related to the intrinsic conductivity of CNTs.  

Here, the best fit to the experimental data shown in Figure 2.19 produces 

values of n = 3625 S/m, t = 1.47, and P0 = 0.015 wt.% which were found by the least-

squares fitting of the data points until the best linear fit of Ln (ů/n) versus Ln (P-P0) 

was obtained [14,15] as shown in Figure 2.19 inset graph. Compared with the 

experimental results of other 42 CNT-epoxy nanocomposites recently reviewed by 

Bauhofer and Kovacs [14], the proposed sensing composite shows enhanced 

percolating behavior with a low percolation threshold of 0.015% as well as a generally 

high volume conductivity, such as 0.04 S/m at 0.05 wt.% CNT.  
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Figure 2.19: Dependence of the electrical conductivity on the CNTs weight fraction at 

room temperature. Inset: The percolation scaling law between Ln (ů/n) 

and Ln (P-P0) where the solid line corresponds to the best fitted line, 

indicating an exponent of 1.47. 

At first glance, it could be hypothesized that the electrical features might be a 

result from the kinetic percolation effect [16,17]. Nevertheless, all CNT-aramid 

nonwoven composites were fabricated in this research following a static process per 

Section 2.2.l. The CNTs coated on the fiber surface in the as-processed composites are 

in a stable solid state as demonstrated by SEM images shown in Section 2.3.3.3. As a 

result, these nanotubes are unable to move freely within the composite, thus rejecting 

this hypothesis. According to Connor et al. [18], tunneling between randomly 

distributed CNT separated by a thin isolating barrier should result in a linear 

proportional correlation between Ln ů and P-1/3. In Figure 2.20, this relationship is 
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applied to the experimental data. It can be observed that it is following a bilinear trend 

showing an inflection point as P-1/3 equals to 6.926, which corresponds to a CNT 

concentration of 0.30 wt.% (noted as the óinflecting concentrationô). This unique 

dependence is distinctive from the single linear trend as observed from similar 

investigations of using this correlation [15,19,20]. It is likely that there is a 

coexistence of two or mixed tunneling mechanisms separated by the inflecting 

concentration of nanotubes, i.e., double percolating behavior.   

 

 

Figure 2.20: Plot of ů as a function of CNTs weight fraction P-1/3 at room temperature, 

showing a bilinear correlation, indicative of the existence of electrical 

tunneling condition. 
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illustrated in Figure 2.21, the two percolating mechanisms involve structural 

percolation of the randomly distributed fibers in the epoxy matrix at the microscale 

and electrical percolation of the nanotubes on the fiber surfaces at the nanoscale, 

respectively. Additional noteworthy, substituting a conductivity value 455 S/m for the 

CNT sizing film (measured value) back to the previously fitted statistical percolation 

equation (shown in Figure 2.19), yields a CNT loading of 24.5 wt.%, which is almost 

equal to the measured CNT concentration of 25% in the raw CNT sizing solids. This is 

validating that the microscale percolation network formed by random aramid fibers 

does not influence the intrinsic properties of the CNTs and solely serves as the CNT 

carrier. 

 

 

Figure 2.21: Schematic representation of the hierarchical micro/nano double-

percolation phenomenon in the CNT-based nonwoven multiscale 

composites.  

Based upon the excluded volume concept [26], the percolation threshold, P0, in 

a three dimensional system of randomly oriented cylinders with high aspect ratio, is 

approximately calculated using Equation 2.8 [23,26], 
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 P0 = 2.8 Ā (L/D)-1 (2.8) 

where L is the length and D is the diameter of the cylinder.  

In the case of nonwoven composites without CNTs, an individual short fiber is 

12 mm long and 12 µm in diameter as formerly noted, which yields P0 of 0.28% by 

volume following the above equation. This volume fraction can be further converted 

to the weight concentration by multiplying the density of this composite, that is 1.22 

g/m3, which is calculated based on the material properties including a fiber volume 

fraction of 8% (measured per Section 2.2.2), a fiber density of 1.44 g/m3 (reported by 

the manufacture), the EPON 862 epoxy density of 1.2 g/m3 [27] following the rule of 

mixture [6], giving 0.34 wt.% as the structural percolation threshold for the neat 

nonwoven composite. Obviously, this threshold is very close to the inflecting 

concentration of nanotubes, 0.30 wt.% as previously determined for the CNT-based 

percolating network, suggesting that at low CNT concentrations of < 0.30 wt.% the 

observed tunneling dependence shown in Figure 2.20 is solely dominated by the 

nanotube network. In addition, selectively localized CNTs on the fiber surfaces only 

occupy 8% (i.e., the fiber volume fraction) of the total volume of the composite. A 

very low electrical percolation threshold of 0.015 wt.% is manifested to be existing, 

most likely by taking advantage of the significantly pre-percolated microscale fiber 

network (8 vs. 0.28 vol.%) that creates tremendous amount of continuous and 

homogeneously interconnected subdomains for carrying CNTs to form conductive 

pathways. Furthermore, at a high CNT loading, the complete coating of the fibrillary 

domains can be achieved, forming a superimposed micro/nano-scale percolating 

network that is uniform and homogeneous as shown in Figure 2.22a to d. On the other 

hand, partial non-uniform coating can occur with CNT concentration is lower than 0.3 

wt%, leading to an inhomogeneous network as displayed in Figure 2.22e to f, which is 
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in agreement with the experimental work by Rausch and Mader [28,29]. Therefore, the 

micro- and nano-percolating mechanisms can coexist at different CNT concentrations 

due to the different percolating structures.  

 

(a) (b) (c) (d) 

(e) (f) (g) 

Figure 2.22: Optical photographs of the CNT-based aramid nonwoven multiscale 

composites with different CNT loadings including (a) 1.0 wt.%, (b) 0.77 

wt.%, (c) 0.61 wt.%, (d) 0.31 wt.%, (e) 0.17 wt.%, (f) 0.05 wt.%, and (g) 

0 wt.%, the reference, in which as CNT% > 0.3%, showing a stable and 

spatially uniform network in the macroscale composites; as CNT% < 

0.3%, showing the inhomogeneous network with ñflocsò. 



 67 

To summarize, based on the synergy between the microscale and nanoscale 

percolating networks, using the approach of dip-coating CNTs onto nonwoven fabrics 

is an efficient way to improve the electrical percolation and conductivity of nonwoven 

composites and offers a new route to design conductive multiscale composites by 

simultaneously tuning the double percolation networks at the micron-/nano-scale. In 

comparison, recent numerical simulations conducted by Tallman [30] showed that the 

network with aligned nanofillers demonstrates a generally degraded percolation and 

conductivity transverse to the alignment direction, which is attributable to the 

decreased likelihood of nearly parallel sticks intersecting, which in turn reduces the 

number of tunneling junctions. Obviously, with the enhanced percolating and 

conductive properties, the proposed CNT-based nonwoven sensing composites require 

a small excitation voltage, maybe only several volts, making themselves a practical 

sensing material for SHM applications. 

2.3.5.2 Self-Sensing Performance  

As demonstrated in Section 2.3.4, under uniaxial tensile loading the as-

processed nonwoven composites show two stages of damage progression including 

matrix microcracking and fiber/matrix interfacial debonding. To validate and further 

investigate this microscale damage mechanism, a distributed network of nanometer 

sized carbon nanotube sensors is extremely helpful to monitor the damage process. 

Therefore, a series of CNT-based nonwoven composites were tested following the 

same loading protocol with their resistive behaviors measured in real-time. Due to the 

selective localization of nanotubes in the fiber/matrix interphase region (see SEM 

image in Section 2.3.3.3), the formed CNT network is utilized as in situ sensing layer 

to detect interfacial damage, resulting in a smart self-sensing nonwoven composite.  
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Figure 2.23a shows the real-time response of electrical resistance change, 

stress, strain, and acoustic emission for a nonwoven composite specimen with 0.75 

wt.% CNT. Both stress and strain follow a linear-elastic fashion, in which, however, 

no local features could be related to the damage progression but the sudden drop at 46 

MPa (i.e., 1.2 % strain) due to final fracture. On the other hand, both resistance and 

AE responses display remarkably nonlinear trends with local sharp increments, seen as 

ókneesô, during the applied load protocol, indicating the progressive evolution of 

damage. In particular, the AE behavior displays a similar pattern as those recorded 

from the reference specimen presented in Section 2.3.4, indicating the two-stage 

damage mechanism.  

The first three AE activities (70 hits in total) are recorded simultaneously when 

the specimen is loaded up to 4.4 MPa (0.1% strain), suggesting the initiation of the 

microcracks in the matrix. Nevertheless, the resistive response does not reveal this 

onset of micro damage, because the nanotube sensing network in this composite 

system is only concentrated on the fiber surfaces and not uniformly distributed in the 

matrix phase, like in other performed research [5,31-35]. In addition, at this low stress 

level, the composite deforms elastically, so does the nanotube network. Later, a 

distinctive AE activity (about 113 hits) is detected as the specimen is loaded to 17.6 

MPa that corresponds to 0.41% strain at 77.5 s. A closer look at the period from 75 s 

to 80 s when damage initiates is shown in Figure 2.23b and demonstrates that a sharp 

resistance change is observed coincidently with a sudden accumulation of AE hits. It 

can be envisioned that in a local transverse region of the composite microcracks 

propagate under the increasing load. As those microcracks first approach the CNT 

coating, the crack tips induce local stress concentrations to the nanotube network, 
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therefore, resulting in the immediate increase in resistance. As the load is increasing, 

microcracks are reaching near-saturation in the matrix, which results in the rise of 

resistance and AE activity.  

Back to Figure 2.23a, after loading the specimen to 28.6 MPa (0.68% strain), 

two intense AE activities (about 110 hits each) are recorded, implying the start of 

damage Stage II. A magnified view of this critical moment is shown in Figure 2.23c. It 

is clear that the resistive response dramatically jumps as soon as spiking AE activities 

are detected, revealing the initiation of interfacial damage, i.e., debonding. Under 

increasing load, debonding cracks could grow, propagate through the CNT coating, 

and gather along a crack plane, forming macro cracks that sever the nanotube network. 

This damage progress in the CNT composite is inherently represented by the resistive 

response in real-time and further confirmed by observed AE response. In comparison, 

the strain data do not show any evidence regarding the evolution of damage, most 

likely due to the fact that the location of the strain gage is far from the initiated crack 

plane as shown in Figure 2.16b (sample No. 2-2).  

Subsequently, as the interfacial cracks accumulate and interconnect from each 

other under further loading, a fracture plane initiates and the composite specimen then 

fails immediately. It can further be observed that the amount of accumulated AE hits 

during damage Stage II from the CNT-based nonwoven composite specimen are about 

seven times less than the reference specimen (as shown in Figure 2.17), which is 

mainly due to the different tensile stress levels these two specimens experienced in 

this damage state, that is, 28-46 MPa versus 40-60 MPa, respectively. Less stress in 

general causes less cracking in the same type of epoxy resin. In addition, this 

discrepancy may be partially attributing to the porous structure of the selectively 
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integrated CNT coating (as shown in Figure 2.15) that creates numerous nanosized 

voids and extensive boundaries possibly for attenuating elastic stress waves released 

as damage initiates, increasing wave attenuation [36-38]. 

Based on the aforementioned observations, the damage evolution of the as-

established CNT-based nonwoven sensing composites under uniaxial tension is 

demonstrated explicitly by the in situ resistive response of the nanotube network, 

which is promising and further confirmed by the real-time AE recordings. 

Specifically, compared with the reference test, the elastic behavior of the nonwoven 

composites with and without CNTs are nearly identical, i.e., (1) the first AE events 

from these two composites were recorded at the same stress level, i.e., 4.4 MPa vs. 4.6 

MPa; (2) the observed elastic limits are very close, i.e., 0.41% strain at 17.6 MPa vs. 

0.40% strain at 14.3 MPa.  

It was observed that the failure mechanism here is governed by a two-stage 

damage progression including (1) saturation of microcracks in the epoxy matrix 

(micro-level), and (2) propagation of fiber/matrix interfacial debonding cracks (macro-

level). Additionally, due to the selective location of CNTs on the fiber surfaces, 

nanotube-based sensing networks demonstrate much higher electrical resistance 

sensitivity due to interfacial damage than microcracking, making this CNT-based 

nonwoven composite a useful smart self-sensing material.  
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(a) 

Figure 2.23: In situ electrical resistance, strain, and acoustic emission responses of the 

aramid nonwoven composite with 0.75 wt.% CNT under uniaxial tensile 

testing showing (a) entire loading protocol, and the initiation of damage 

(a) Stage I and (c) Stage II. 
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(b) 

 

 

 

 

 

 

 

 

 

(c) 

Figure 2.23: continued. 
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2.3.5.3 Piezoresistivity 

To facilitate potential strain monitoring applications with the proposed CNT-

based nonwoven composite sensors, the piezoresistive response of this type of sensing 

composite was characterized in situ under uniaxial tensile testing. Figure 2.24 shows 

the typical piezoresistive response and stress-strain behavior for a nonwoven 

composite sensor with 0.75 wt.% CNT. In the elastic zone, the piezoresistive response 

of the sensor shows an ideal linear trend similar to the transient resistance change as 

presented in Figure 2.23a. At strains beyond the elastic zone (i.e., >0.4%), the 

piezoresistive response begins to deviate from its initial linearity, which is represented 

as the red dashed line in the figure. In addition, more noise in the measurement is 

noted, which is attributed to the accumulation of microcracks in the matrix. After 

0.68% strain (i.e., initiation of fiber/matrix debonding), there are some sharp knees 

observed in the piezoresistive response, which corresponds to the formation of 

debonding cracks that permanently sever portions of the electrically conductive 

network. This progressive increase in macrocracks results in a conspicuous change in 

the slope of the stress-strain curve and corresponds to the inelastic behavior of the 

sensor, revealing the reduction in stiffness. Later, when fracture occurs, the resistance 

change goes to infinity. In general, the slope change of the piezoresistive response in 

the inelastic zone is substantially nonlinear, demonstrating an increased sensitivity of 

resistance change to inelastic deformation.  

The piezoresistive behavior of the nanotube sensors is quantified in terms of 

their gage factors, which have been defined in Section 2.3.2. For strain monitoring 

applications, gage factors are further categorized under two specific strain levels 

corresponding to the un-cracked elastic state (under 0.4% strain) and the matrix-
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cracked inelastic state (above 0.4% strain) by performing a linear least-squares curve-

fit on the experimental data.  

 

 

Figure 2.24: Typical piezoresistive response and stress-strain behavior of CNT 

composite sensors. 

Two groups of CNT composite sensors with nanotube concentrations of 1.0 

and 0.75 wt.% were tested. The piezoresistive response of these sensors for the elastic 

state and inelastic states are shown in Figure 2.25a and b, respectively. Figure 2.26 

summarizes gage factors obtained for both groups of specimens in accordance to the 

elastic and inelastic strain levels. It can be seen that the group of four specimens with 

0.75 wt.% CNT loading shows higher strain sensitivity than 1.0 wt.% CNT group. 

There have been a number of experimental studies on the piezoresistive behavior of 

nanocomposites based on CNTs. Experimental results [39-43] indicate that there is a 
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higher degree of sensitivity with reduced CNT concentration, and the general trend in 

gage factor is consistent with that reduction. However, the elastic gage factors are 

somewhat lower than expected as compared to nanocomposites with nanotubes 

dispersed throughout the polymer matrix developed by other researchers [42-44]. This 

lower gage factor is attributed to the formation of the conducting networks 

preferentially along the surfaces of the fibers. The high concentration of CNTs on the 

fiber surface results in a nanocomposite ñinterphaseò that forms around the fiber. This 

interphase region effectively acts like an overall nanocomposite sensor that has a high 

volume fraction of nanotubes. In addition, it is likely that by providing excessive 

electrical conductive pathways the random fiber architecture also influences the 

piezoresistive response. Meanwhile, the inelastic gage factors are also higher than the 

elastic gage factors. The breaking up of the CNT network due to cracking and fiber-

matrix debonding severs conducting pathways, resulting in a lower effective volume 

fraction of nanotubes conducting current in the sensor. 
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(b) 

Figure 2.25: (a) Elastic and (b) inelastic piezoresistive responses from individual test 

coupons of the CNT-based nonwoven composite sensors fabricated in 

this research (from Ref.[45]). 
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Figure 2.26: Gage factors for the CNT-based nonwoven composite sensors (error bars 

represent one standard deviation) (from Ref.[45]). 
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was created and tested to show the CNT sensorsô capability of monitoring distributed 

strains in both the longitudinal and transverse directions.  

2.4.1 Experimental Setup 

2.4.1.1 Case Study 1: Elastic and Plastic Strain Monitoring 

To verify elastic and plastic strain monitoring capabilities of the proposed 

CNT-based strain sensors, a uniaxial strain monitoring specimen was further 

investigated on an aluminum substrate. A sensor size of 89 ³ 13 mm, composed of the 

aramid nonwoven fabric with a CNT concentration of 1.0 wt.%, was mounted at the 

center of a dogbone-shaped aluminum tensile bar (152 ³ 25 ³ 2 mm, 6061-T6). This 

specimen (Al-1.0%-CNT) was subjected to incremental tensile cyclic loadings 

performed using an Instron 5567 universal testing machine at a fixed displacement rate 

of 1.3 mm/min. The loading protocol consisted of six steps with resulting stress 

amplitudes of 23.5, 47.1, 70.6, 106, 141, and 188 MPa. A 47.1 MPa loading-unloading 

cycle was placed between the 106, 141, 188 MPa steps in order to validate the electrical 

stability of the sensing layer. The baseline electrical resistance of this specimen was 

measured as 7.38 kɋ. The test specimen geometry is illustrated in Figure 2.27. 
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(a) (b) 

Figure 2.27: (a) Photograph of the test specimen (Al -1.0%-CNT) for elastic and plastic 

strain monitoring and (b) illustration of the specimen configuration (from 

Ref.[45]).  

2.4.1.2 Case Study 2: Compressive and Tensile Strain Monitoring 

To validate the monitoring capabilities of both compressive and tensile strains, 

a uniaxial compression and tension test was performed on an aluminum specimen with 

the composite sensor attached. This 64 ³ 10 mm sensor contains 0.75 wt.% CNT and 

was bonded on a 6.4 mm thick aluminum bar (152 ³ 25.4 mm, 6061-T6). This 

specimen (Al-0.75%-CNT) was subjected to a seven-step compression-tension cyclic 

loading at the same displacement rate as specimen Al-1.0%-CNT. The initial loading 

cycle resulted in a stress of ±24.8 MPa. Each loading step included two cycles with 

identical magnitude at the peak and a full compression-tension loading step with four 

individual cycles. The load steps increased from resulting stresses of 24.8 to 99.2 MPa 
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in tension at an even increment of 12.4 MPa and, due to the slenderness of this bar, the 

largest compressive load cycle resulted in a stress of 62.0 MPa after the fourth 

compression step. The baseline electrical resistance of this specimen was measured as 

24.8 kɋ. Figure 2.28 shows the specimen configuration. 

 

(a) (b) 

Figure 2.28: (a) Photograph of the test specimen (Al -0.75%-CNT) for tensile and 

compressive testing and (b) illustration of the specimen configuration 

(from Ref.[45]). 

2.4.1.3 Case Study 3: Distributed Strain Monitoring  

To investigate the sensing capability of the CNT composite sensors in the 

longitudinal and transverse directions, four sensors were distributed on a steel (ASTM 

A572 Grade 50) dogbone-shaped tensile bar (dimensions: 432 ³ 64 ³ 5 mm) with a neck 

area of 229 ³ 38 mm. The sensors are composed of the aramid nonwoven fabric 
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processed with 1.0 wt.% CNT loading and adhered along the longitudinal centerline of 

the steel bar using epoxy resin (EPON® 862) with a curing agent (EPIKURE 3223). In 

accordance with the sensor size as well as the electrical current sourcing direction 

between the electrodes, these sensors are referred to as Sensor 1-1-L, 1-1-T, 0.3-1-L and  

1-0.3-T as shown in Figure 2.29. Specifically, Sensor 1-1-L and Sensor 1-1-T are 25 ³ 

25 mm (i.e., aspect ratio = 1) and their electrical measurements are made in the 

longitudinal and transverse directions, respectively. Similarly, Sensor 0.3-1-L and 

Sensor 1-0.3-T are 32 mm in the x-direction and 10 mm in the y-direction; they are 

monitoring the axial strain in the longitudinal direction and the transverse strain due to 

Poissonôs contraction, respectively. A 350 ɋ bi-axial stain gage (0°/90° pattern, Micro-

Measurements®) with a gage length of 6.4 mm was used to measure the strains in both 

principal directions. The steel specimen was then subjected to a quasi-static loading 

protocol using an Instron 8562 servo-hydraulic load frame. The displacement-

controlled loading protocol included five continuous loading-unloading cycles: two to 

a stress level of 110 MPa and three to 248 MPa using a displacement rate of 0.5 

mm/min and an unloading rate of 0.8 mm/min. During the second and fifth loading 

cycles, the stress was maintained for 30 s to examine any transient effects. The test 

was discontinued at a peak load corresponding to 300 MPa. In particular, when 

multiple sensors were measured simultaneously, the lead wires were connected to a 

terminal block, which is screwed on a multiplexer (Keithley 3706A system switch). 

This multiplexer is linked with Keithley 6430 source meter and rapidly switches 

channels between the four sensors to execute the electrical measurements. 
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(a) (b) 

Figure 2.29: (a) Photograph of the experimental setup for distributed strain monitoring 

test and (b) illustration of the specimen configuration (from Ref.[45]). 

2.4.2 Results 

2.4.2.1 Monitoring of Elastic and Plastic Tensile Strains 

Understanding the ex situ strain sensing response of the sensor in uniaxial 

tension, as well as its response while the substrate undergoes plastic deformation, is 

important for SHM applications. Figure 2.30a shows the transient response of the 

sensor (Al-1.0%-CNT) due to applied tensile deformation. This specimen undergoes 

elastic deformation in the first 12 applied load cycles without permanent strain change. 

The response of the sensor directly correlates to the elastic strain. Plastic deformation 

of the aluminum occurs beyond 0.3% strain, which is at 75% of the elastic limit of the 

sensor. There is a permanent deformation of 0.52% strain at the end of this cycle. In 
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addition to the plastic strain that occurs, this deformation is near the elastic limit of the 

CNT composite sensor, resulting in a larger sensitivity to the permanent deformation 

in the last cycle. Specifically, there is a permanent electrical resistance change of 1.2% 

(or 88 ɋ in real resistance). It is clear that the trends in the resistance response of the 

attached composite sensor and strain measurements are very comparable and there are 

no resistance drifts observed in the electrical response of the sensor. Figure 2.30b 

shows the piezoresistive response of the CNT composite sensor during the full loading 

profile. As the aluminum bar begins to deform plastically, resistance increases 

nonlinearly with strain and a permanent resistance change was found at the end of the 

loading corresponding to a strain of 0.52%. The evolution of the plastic deformation of 

the specimen is comprehensively reflected by the trend of the electrical resistance 

response, which is desirable. The bottom inset of Figure 2.230b shows the linear 

elastic piezoresistive response corresponding to the first 12 applied elastic load cycles. 

It can be observed that under elastic loading, the piezoresistivity of the sensor (GF = 

1.44) is quite constant compared to the strain gage measurement, which is promising. 
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(a) 

Figure 2.30: (a) Transient resistive response of Specimen Al-1.0%-CNT during a full 

cyclic loading test, showing the close correlation between strain and 

resistance up to plastic deformation of the specimen and (b) the 

resistance change-strain response of the sensor (Bottom inset: elastic 

piezoresistive response) (from Ref.[45]).  
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(b) 

Figure 2.30: continued (from Ref.[45]). 

2.4.2.2 Monitoring of Compressive and Tensile Strains 

For specimen Al-0.75%-CNT, Figure 2.31a shows the tensile and compressive 

elastic resistive response of the sensor in real-time under the prescribed loading cycle. 

The peak tensile strains are +0.14% and minimum compressive strains are ī0.08%, 

which are all in the elastic range of the aluminum member. Under compression, the 
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nanotube-nanotube tunneling gaps decrease resulting in more conductive pathways 

and then the reduced electrical resistance of the CNT composite sensor. It can be seen 

that under the compression-tension cyclic loading protocol, the recorded electrical 

resistance displays very close correlations to the member strains. The sensor shows 

strong electrical stability as well as negligible amount of baseline resistance change 

among all compression-tension loading steps in real-time. 

From Figure 2.31b, it can also be seen that the piezoresistive response of the 

CNT composite sensor displays strong linearity for both compressive and tensile 

strains with a single gage factor, GF = 1.80 which is close to the gage factor (GF = 

1.90) of the group of sensors with 0.75 wt.% CNT loading characterized in Section 

2.3.5.3, indicating a high degree of repeatability. These results are desirable and 

facilitate applications of this fabricated composite sensors for future SHM. 
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(a) 

(b) 

Figure 2.31: Linear-elastic resistive response of CNT composite sensor on Specimen 

Al -0.75%-CNT according to applied compression-tension cyclic loads: 

(a) real-time response under cyclic loading and (b) linear piezoresistive 

behavior under tension-compression loading (from Ref.[45]). 

  






















































































































































































































































































































































































































































































































































































































































































































