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Carbon nanotubes are an excellent choice for hierarchical multiscale 

composites and nanocomposite films due to their extraordinarily high specific strength 

and stiffness, high electrical and thermal conductivities, and large aspect ratios 

(length/diameter). Research into using carbon nanotubes in a wide range of novel 

applications has significantly been sparked by improvements in processing science 

and characterization techniques for nanomaterials. Advancements in the computation 

capability added to the increased usage of simulation in research. This research 

combines computation, multi-scale testing, and prototyping to investigate the 

underlying sensing mechanism of knit fabric sensors and develop multifunctional 

applications using carbon nanocomposites with non-woven and knit fabric. 

Aqueous electrophoretic deposition and dip coating processes are used to 

create conductive nanocomposite films of carbon nanotubes on non-conductive fabrics 

such as non-woven aramid and commercial knit fabric. The multifunctional 

performance of carbon nanotube-based multiscale composites and nanocomposite-

coated textiles is assessed for potential uses in structural health monitoring and 

wearables. The strain sensing response of carbon nanotube-coated sensing skins 

fabricated using multiple processing techniques and parameters are studied.  

Non-woven aramid carbon nanotube sensors are developed and tested for 

structural health monitoring applications. Characterization of piezoresistive sensing 

skins under variety of loading conditions is performed comprehensively.  The carbon 

nanotube-based sensor is also employed for hybrid metal and composite structures 
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adherently bonded to detect damage due to unexpected loading and service conditions. 

A prototype is developed and tested using a data acquisition system to record real-time 

data from remote locations without much manual intervention.  

The strain sensing response of carbon nanocomposite-coated knit fabric is 

significantly higher than typical polymer-based carbon nanotube strain sensors. When 

the sensor is used over the elbow or knee, a resistance changes of 3,000% is recorded 

during flexion/extension. This ultrahigh sensing response is due to the combined effect 

of carbon nanotube tunneling and micromechanical deformation of fibers and yarns of 

knit fabric on the application of strain. The electromechanical response of the knit 

fabric coated with nanotubes is studied at different length scales, from individual yarns 

to fabric levels, to investigate and explain the unique sensing response. A 

computational finite element model is developed to study the behavior of yarn when 

elongated in the wale direction. Ultrahigh sensitivity is due to the combined effect of 

micromechanical deformation of the carbon nanotube-coated knit fabric and the 

tunneling gap of carbon nanotubes.  

The stretch sensors are breathable (allow perspiration to diffuse) and easy to 

wear because of the extremely thin nanocomposite coating, which prevents the fabric's 

properties such as flexibility and stretchability from changing. Collaborating with 

biomedical and computer science researchers, a comprehensive study is performed 

with a carbon nanocomposite-coated flexible sensor on the compression sleeve on the 

elbow.  The sensor is tested for repeatability and variability on KinArm for controlled 

movement. Virtual reality (VR) games for upper extremity exercise are developed, and 

the wearable sensorôs response is studied with KinArm and VR together. The response 

of the sensor is similar in both tests. The sensor's response is independent of the path 
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of the hand movement and depends on the change in the elbow angle during the hand 

movements.  A calibration curve prepared beforehand can be used to measure the 

angle of the elbow based on resistance change in the sensor. These novel wearable 

sensors can inspire research in human-computer interaction, gesture recognition, and 

the rehabilitation monitoring progress after an injury. 
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INTRODUCTION  

1.1 Motivation  

Composite materials have been used for centuries in different forms. Early 

examples of composites include the use of straw-reinforced mud bricks and clay pots 

by ancient Egyptians. In modern times, the aerospace industry became the first to 

extensively use composites in the 20th century corresponding with advances in 

producing high-performance fiber reinforcements, such as glass and carbon fibers, and 

synthetic polymers. By selecting the constituent materials, reinforcement orientation, 

and manufacturing processes, composite materials can enable precise customization of 

desired material properties. A single type of reinforcement made of synthetic or 

natural fibers is typically used in polymer composites, including a thermoplastic or 

thermosetting matrix. Synergistic interactions of the distinct constituent materials, 

such as load transfer at the fiber/matrix interface, generate the desired properties. 

Fiberglass was the first widely used composite material after its development 

in the 1930s by Russell Games Slayter of Owens-Corning Fiberglass [1]. With the 

development of carbon fiber [2], lighter and stronger than fiberglass, composite usage 

increased in high-performance applications like racing cars and aircraft. Technological 

advancement in manufacturing and developing new polymeric fibers such as Kevlar, 

Nomex, and Spectra, composite materials have found new applications such as 

lightweight armor. 

Chapter 1 
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Growing demand for materials with a combination of qualities that cannot be 

produced from a single material led to the development of hybrid composites. In the 

1980s, researchers started combining two or more types of fibers, such as glass and 

carbon, into a single composite material, resulting in the first generation of hybrid 

composites. The intent was to combine carbon fibers' incredible strength and stiffness 

with the affordability and toughness of glass fibers. A second-generation hybrid 

composite was created in the 1990s, integrating fibers with various lengths, widths, 

and orientations. These composites were created to improve fatigue performance, 

impact resistance, and fracture toughness. Hybrid composites have been the subject of 

decades of research, but significant obstacles still stand in the way of, among other 

things, accurately estimating the mechanical properties, ensuring that different 

reinforcements can interact with one another when placed in the same matrix, 

minimizing stresses brought on by the different rates of hybrid reinforcementsô 

thermal expansion, and scaling.  

Multiscale hybrid composites, also known as hierarchical composites, 

frequently have a hierarchical microstructure with micron- and nanoscale 

reinforcements. These multiscale composites combine conventional reinforcement 

materials like carbon fibers, glass fibers, and aramid fibers (with sizes ranging from a 

few to hundreds of microns in diameter) with nanometer-size reinforcements like 

carbon black, carbon nanotubes, graphene, and many more metallic nanoparticles, all 

of which have at least one dimension under 100 nm.  

Carbon nanotubes, cylindrical structures made of carbon atoms arranged in 

unique patterns, were first observed in the 1990s. Soon after the discovery, researchers 

worldwide started exploring carbon nanotubes' properties and potential applications. 
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Carbon nanotubes are incredibly strong, flexible, and lightweight. Along with 

mechanical properties, carbon nanotubes are excellent conductors of both electricity 

and heat [3]. The unique properties of carbon nanomaterials make them promising 

candidates for creating multifunctional composites. Carbon nanotubes can be 

incorporated into composites to improve their mechanical, electrical, thermal, and 

sensing properties.   

Polymer/carbon nanotube composites are frequently studied for use in sensing 

applications. By adding a small amount (1-3%) of nanotubes to the polymer matrix, 

the resulting composites can exhibit significant sensitivity and response time 

improvements.  Carbon nanocomposites can be used as strain sensors by measuring 

changes in their electrical resistance when subjected to mechanical deformation. In the 

past decade, these nanocomposites have been developed for strain, pressure, gas, and 

bio-sensing applications. These sensors find their application in structural health and 

human health analysis. 

1.2 Objectives and Organization of the Dissertation 

Carbon nanotubes can be processed on fabric with electrophoretic deposition 

and dip coating. This research studies carbon nanocomposite-coated commercial knit 

fabric and non-woven fabric hierarchical carbon nanocomposites for application in 

structural health monitoring and human health analysis.  This work also includes the 

development of electronics required to record the data online in remote areas using the 

Internet of Things (IoT). Aramid fabric-based hierarchical composites are researched 

for their application in structural health monitoring of metal and composite pressure 

vessels and pipelines. Aramid fabric-based pressure sensor characterizes human joint 

motion through fabric sensor interaction behavior. When used at human joints, the 
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carbon nanocomposite-coated knit fabric sensor is highly sensitive [4] compared to 

the polymer-based carbon nanotube strain sensors. The underlying mechanism for this 

high sensitivity is studied. The dissertation is structured in different chapters 

addressing each of the topics separately as outlined below: 

This chapter highlights the motivation and objectives of this research and 

includes a literature review of carbon nanocomposite sensors for various applications. 

Structural health monitoring details include strain, impact, fatigue, temperature, and 

microcrack sensing. Human health applications are also reviewed for flexible carbon 

nanotube sensors. 

Multiple manufacturing techniques have been used for producing carbon 

nanotube-based composites.  Chapter 2 details the processing techniques used in this 

research, such as dip coating with a commercial carbon nanotube dispersion, 

electrophoretic deposition, and vacuum assisted resin transfer molding.  

Knit fabric-based sensors have been shown to have ultra-high sensitivity when 

used on the human knee/elbow. This response is very high compared to nonwoven 

fabric and polymer-based carbon nanocomposites subjected to strain. The ultrahigh 

sensing response is associated with the tunneling of carbon nanotubes and the 

micromechanical behavior of knit fabric. Chapter 3 evaluates the underlying sensing 

mechanism using both experimental and computational studies.   

Chapter 4 discusses the use of the knit fabric sensor application in virtual 

physiotherapy. A compression sleeve is prepared with nanotube composite-coated 

fabric at the elbow and validated for variability and repeatability with KinArm®. 

Virtual reality games are made for the upper extremity, and a sleeve sensor response is 

recorded and discussed. 
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Chapter 5 discusses the application of hierarchical carbon nanocomposite for 

real-time structural health monitoring of pressure vessels. In situ sensing and the 

carbon nanotube sensor's response to different loading types, tension, flexural, scratch, 

and impact are studied. Composite coupons of different ply orientations are tested to 

study the effect of the Poisson ratio of the substrate on sensing response. Testing of 

carbon nanocomposite sensor on the composite and metal pressure vessel is discussed. 

Remote structural health monitoring of pipelines in real-time is another 

application of carbon nanotube hierarchical composite discussed in Chapter 6.  

Carbon nanotube strip sensors are attached to the PVC pipe and tested under 

different modes of loading such as axial compression, bending, and torsion. A patch 

sensor with multiple electrodes is studied to capture the behavior of all kinds of 

loading by a single areal sensor. The sensor is aimed to be deployed in the field, and a 

data acquisition system is developed to capture the data remotely in real time.     

Chapter 7 highlights the significant contributions of this work, followed by a 

discussion on future challenges and opportunities of fabric-based carbon 

nanocomposite sensors. 

1.3 Literature Review: Carbon Nanotube Composite Applications 

After Iijima's first observation of carbon nanotubes in 1991 [3], tremendous 

efforts have been made to study their unique properties and applications. Carbon 

nanotubes have remarkable properties such as high tensile strength, low weight, 

electrical/thermal conductivity, flexibility, and chemical stability. Carbon nanotubes 

have tensile strengths that can be several times greater than steel. The lower weight of 

carbon nanotubes contributes to a high strength-to-weight ratio. The electrical 

conductivity of carbon nanotubes is better than that of most metals and shows high 
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thermal conductivity. Carbon nanotubes are chemically stable and flexible enough to 

be bent and twisted without losing structural integrity.  With the combination of 

excellent mechanical and physical properties and high aspect ratio (length/diameter), 

carbon nanotubes have been researched extensively, and a variety of applications are 

developed, though not limited to, such as biosensing, energy storage, water treatment, 

gas sensing, structural health monitoring, and human health monitoring, Figure 1.1.  

 

Figure 1.1 A schematic diagram showing different types of applications of carbon 

nanocomposites. 

Carbon nanotubes are widely used in biosensing [5] as carbon nanotubes can 

enhance the electroactivity of biomolecules and promote the electron transfer reaction 

of proteins due to their electrocatalytic capabilities [6], [7]. In addition to high 

electrical conductivity, chemical stability, and low-density lightweight, carbon 
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nanotubes have a very high surface area, which allows them to store large amounts of 

energy per unit of mass [8], [9]. These properties make them a good candidate for 

energy storage applications. Sulanke et al. [10] developed binary metal hydroxide 

nanorods and multi-walled carbon nanotubes composite with enhanced super 

capacitive performance and cycling ability for electrochemical energy storage 

application Ma et al. [11] synthesized nano-sized lithium manganese oxide dispersed 

on carbon nanotube which shows excellent power performance and good structural 

reversibility which are required in electrode material of an energy storage system.  

The large surface area of carbon nanotubes provided by the hollow cores and 

outside walls of nanotubes gives them a very large gas absorptive capacity. The 

electrical properties of carbon nanotubes can change on interaction with gases at room 

temperature. This behavior of carbon nanotubes led researchers to develop gas-sensing 

applications. Philip et al. [12]developed carbon nanotube/polymethylmethacrylate 

nanocomposite thin films to detect organic vapors. Using carbon nanotubes and 

surface-modified carbon nanotubes, thin films are fabricated on a printed circuit board, 

and change in resistance due to various organic vapors is evaluated. Ueda et al. [13] 

prepared a carbon nanotube-based NOx gas sensor on Al3O3 substrates with integrated 

Pt-electrodes using DC sputtering and chemical vapor deposition. Changes in 

resistance were measured in the presence of NO and NO2 gases.   

Carbon nanotube composites are promising materials for water treatment due 

to their chemical stability, strong absorption capacity, and large surface area. One 

potential application of these nanocomposites in water treatment is to remove organic 

pollutants. These materials can effectively adsorb organic molecules due to their large 

surface area and strong affinity for nonpolar compounds. Restivo et al. developed a 
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cerium oxide carbon nanotubes composite for catalytic ozonation of organic pollutants 

in water [14]. Islam et al. [15]developed an Ag-decorated highly carbonaceous 

magnetic nanocomposite to remove organic pollutants. In addition, carbon 

nanocomposites can be functionalized with various chemical groups to enhance their 

selectivity and adsorption capacity for specific pollutants. Another application is for 

the removal of heavy metal ions from water. Carbon nanocomposites can selectively 

adsorb heavy metals due to their strong binding affinity with metal ions [16]ï [18]. By 

adding functional groups that have a particular affinity for metals to the carbon 

nanocomposites, the adsorption capacity and selectivity can be further increased. 

Overall, because of their distinctive features and adaptability, carbon nanocomposites 

have the potential to be effective and efficient materials for various water treatment 

applications. More studies are necessary to improve their characteristics and provide 

valuable uses for these materials. 

Carbon nanotube composite sensors are used in structural health monitoring to 

measure various parameters such as strain, temperature, pressure, chemical 

environment, moisture, etc. Carbon nanocomposites are piezoresistive and can detect a 

change in the length/shape of a structure and can be used to monitor 

damage/deformation. The temperature sensitivity of carbon nanotubes can be used for 

problems such as overheating/thermal stresses[19], [20]. The carbon nanocomposites 

can perform structural health monitoring of metal, concrete, and/or composites  [21]ï 

[26]. Carbon nanotube sensors provide a highly sensitive and adaptable approach for 

monitoring structural health. They can offer real-time data on various characteristics to 

maintain and repair structures preventatively. 

https://doi.org/10.1016/B978-0-12-814132-8.00009-5,water
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Composites made of carbon nanotubes have demonstrated considerable 

promise in several fields, including monitoring human health. These composites have 

special qualities that make them useful for identifying diseases, sensing, and 

monitoring physiological factors, and improving healthcare in general. The most 

prevalent carbon nanotube in human health monitoring is found in wearable sensors. 

Wearable technology [27]ï[29], such as intelligent textiles or patches, can be made 

with carbon nanotubes to track bodily functions and vital indicators. These sensors can 

measure body temperature, respiration rate, heart rate, and even perspiration for 

several biomarkers.  

Additionally, carbon nanocomposites can be utilized to create implantable 

gadgets that communicate and continuously monitor data concerning medical issues. 

Carbon nanotubes in drug delivery, imaging and diagnostics, flexible electronics, and 

environmental monitoring are further applications for this technology. Although 

carbon nanotube composites present intriguing opportunities for human health 

monitoring, other concerns must be resolved. These include ensuring the product is 

biocompatible, guaranteeing long-term stability, and addressing potential toxicity 

issues. Extensive research and development are being conducted to address these 

obstacles and fully realize the potential of carbon nanotube composites in healthcare 

applications. 

1.3.1 Carbon Nanocomposite Sensors in Structural Health Monitoring 

Due to exceptional electrical characteristics and piezoresistive electrical-

mechanical coupling behavior, carbon nanotube-based composites have received much 

research interest for structural health monitoring systems. Carbon nanotubes with 

extraordinarily high aspect ratios can build electrically conductive networks at very 
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low percolation thresholds when disseminated in a polymer matrix. Their nanoscale 

dimension makes it possible to build nerve-like sensor networks between conventional 

micron-sized fibers in a composite and allows for the in-situ detection of microscale 

cracks and strain without impairing the mechanical properties of the composite. 

A change in the overall electrical resistance brought on by a change in the 

tunneling gap and contact resistance between nanotubes in the carbon nanotube 

electrically conductive network is the basic sensing mechanism for piezoresistive 

carbon nanotube-based composite sensors [30]. When the carbon nanotube-based 

sensors are loaded under tension, the resistance often rises because of lost nanotube-

nanotube connections and expanding tunneling gaps, whereas, during compressive 

deformation, the reverse effect is observed. Developing microcracks and delamination 

can also increase electrical resistance by permanently altering the electrically 

conducting network. As shown in Figure 1.2, carbon nanotubes have been employed 

for sensing in various applications, such as strain sensing, impact damage, and damage 

monitoring in fatigue loading in joints/components, by utilizing these sensing 

mechanisms. Also, carbon nanotubes are sensitive to temperature and thermal stresses. 

If there is any change in the environmentôs temperature, carbon nanotube resistance 

changes and thermal strain caused by the temperature change are recorded as 

resistance change of the composite.  

 

Figure 1.2 A diagram of the different uses of carbon nanotube-based sensors in fiber-

reinforced advanced composite materials for monitoring the health of 

structures. 



 

 11 

Researchers have created in-situ strain sensors based on the earlier sensing 

method by mixing carbon nanotubes with several polymers used as resins and cement. 

Fielder et al.[31] , Thostenson and co-workers [32], and Wichmann et al. [33] carried 

out some of the early experiments. Three-roll milling, mechanical stirring, and shear 

mixing are the most often used processes for assuring carbon nanotube dispersion in 

the matrix. Many researchers incorporate carbon nanotubes to develop self-sensing 

cement with strain measurement capabilities [34]ï[36]. 

Structures are often used in extreme environments such as temperature 

fluctuation, variability in humidity, etc. Extreme temperature variations lead to 

thermal loads on the structures and high strain (compressive or tensile). Carbon 

nanotubes are also sensitive to temperature and humidity. Several factors, including 

the dispersion's morphology, the medium in which carbon nanotubes are distributed, 

and interfacial properties, affect how temperature affects the properties of carbon 

nanotubes. 

He et al. [37] investigated the impact of temperature on high-density 

polyethylene (HDPE) containing carbon nanotubes. They measured the specimen's 

volume resistivity while adjusting the temperature and discovered a favorable 

temperature coefficient. At around 125oC, the electrical resistance increases, most 

likely because of the thermal expansion of the crystalline HDPE during melting, which 

breaks the network of conductive carbon nanotubes. 

A negative temperature coefficient was reported by Mohiuddin et al. [38]  on 

investigation of temperature effect on the electrical resistance of carbon nanotube-

polyether ether ketone composites. Xiang et al. [39] also observed a negative thermal 

coefficient for the carbon nanotube-based polyurethane foam. According to Lasater 
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and Thostenson [40], the thermosensitive behavior of carbon nanotube-vinyl ester 

composites was greatly influenced by the concentration of carbon nanotubes. At 

smaller amounts, the temperature coefficient was near zero and slightly negative; 

however, it might be positive or negative at higher concentrations. 

Impact damage in the laminated composite is still an area of great concern.  

Impact damage can occur in multiple forms, such as matrix cracking, fiber/matrix 

debonding, surface micro buckling, delamination, and fiber breakage [41]. It is 

important to detect the initiation and evolution of damage in composite long before 

their failure An embedded carbon nanotube network was used to represent damage 

sensing in [0o/90o]s cross-ply glass fiber by Li and Chou [42]. The wavy nanotubes are 

spread between the fibers in a polymer matrix, and their interaction resistances are 

computed using the electrical tunneling effect. The impact performance of plain 

weave-epoxy composites with carbon nanotubes was investigated by Gao et al.[43] . 

Electrical resistance measurements were validated using acoustic emission and 

ultrasonic C-scan for in-situ damage monitoring brought on by impact loading. After 

each impact, a lasting change in resistance was seen. With more strikes, the electrical 

resistance change, absorbed energy, and damage area all increased linearly.  

Loh et al. [44] used single-wall carbon nanotubes to fabricate multifunctional 

ñsensing skinò capable of monitoring structural damage for identifying and locating 

impact-related damage. Gallo and Thostenson [45] employed electrical impedance 

tomography (EIT) and two-dimensional resistance measurements. Coating 

unidirectional glass fibers with carbon nanotubes allowed researchers to create 

composite materials with anisotropic electrical characteristics. Using a modified 
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vacuum infusion process, fiber sizing with scattered nanotubes was applied to the 

glass fabric. It was shown that EIT could locate the damage with reasonable accuracy. 

Fatigue is the main failure mechanism for structures under cyclic loading. 

Fatigue can cause a similar effect as impact loading in composite, such as 

delamination, fiber breakage, and debonding between fiber and matrix. Gao et al.[46] 

studied real-time monitoring of damage development under fatigue loading. The 

carbon nanotubes mixed with resin through three-roll milling were used to form a 

conductive network around the structural reinforcement. The electrical response of the 

fatigue specimen changed synchronously with applied fatigue loading. In another 

study, Gao and colleagues [47] used the electrical response of the carbon nanotube 

network to accumulate damage combined with acoustic emission to sense the damage 

initiation and evolution in the laminated composite.  

Nofar et al. [48] incorporated carbon nanotubes in the epoxy matrix to form a 

network of sensors. They found that on applying combined loading tensile and fatigue, 

it was observed that electrical resistance measurement shows consistency with damage 

location. Failure location is predicted with higher resistance change. Mactabi et al. 

[42] used a carbon nanotube network in adhesive joint. The conductive network inside 

the adhesive was found sensitive to crack initiation, propagation, and delamination 

under fatigue loading.  

Carbon nanotube composites are also evaluated for fatigue crack monitoring in 

metal structures. Ahmed et al.[50], [51] used a nonwoven carrier with a thin film of 

carbon nanotube bonded to a structure using epoxy adhesive. The sensor monitors the 

strain in real time due to fatigue crack propagation, and crack propagation is measured 

through permanent change in resistance. It is significant to highlight that research is 
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still underway in developing and applying CNT-based sensors for fatigue detection. 

Although there have been encouraging developments, further research is necessary to 

increase sensor performance, dependability, and long-term stability in practical 

applications. 

A microcrack developed due to overloading, temperature fluctuation, small 

impact, or scratch can disrupt an electrically conductive network formed by carbon 

nanotubes. The size of the carbon nanotube is smaller than microcracks. A carbon 

nanotube network that conducts electricity has been built into the polymer matrix of a 

fiber composite by Ahmed et al. [50], [51]. The nanotubes might detect matrix cracks 

and deformation by acting as a sensing network. Resistance change is sensitive enough 

to detect damage progression until failure when the cracking begins. The impact of 

these microcracks in glass fiber-epoxy composites with carbon nanotube integration 

was also examined by Thostenson et al. [52]. When there are no cracks, the resistance 

change is initially linear. Spikes in resistance are seen because of the development of 

transverse cracks and cumulative damage. Due to the crack creation and crack 

opening/closing during cyclic loading, hysteresis was seen in the electrical resistance. 

To identify the beginning of microcracks and their buildup in three-

dimensional braided composites, Kim et al. [53] employed carbon nanotubes as an in-

situ sensor. Utilizing a three-roll milling technique, the carbon nanotubes were 

dispersed in the resin and injected into ultrahigh molecular weight polyethylene 

preforms. They noticed that as microcracks and micro-delamination damaged the 

carbon nanotube network, the electrical resistance changed with a discontinuous slope. 

Wan et al. [54] employed a carbon nanotube thread inserted in a 3-D braided structure 

without significantly altering the integrity of the material, in contrast to their method 
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of mixing nanotubes with the resin, to demonstrate reproducible resistance-strain 

behavior. Gallo and Thostenson [55] conducted additional investigations on the 

electrical resistance shift caused by transverse matrix cracking in cross-ply carbon 

fiber and glass fiber nanotube composites. They examined the sensitivity in terms of 

the electrical network's anisotropy and electrode designs. When compared to 

composites made with glass fiber, carbon fiber had more anisotropy because of the 

high conductivity of the fiber. The specimens made of carbon fiber have a low 

sensitivity to matrix cracking. Additionally, their calculations showed that the current 

density in the transverse plies falls as the in-plane/transverse conductivity ratio rises. 

When cross-ply laminates are loaded in tension, cracks are initiated due to stress 

concentration at the fiber interface with the matrix and more cracks are formed in 90° 

plies.  

1.3.2 Flexible Carbon Nanocomposite Wearable Sensor 

With the enhancement of internet bandwidth and cloud-based applications, 

significant data is generated and processed in real time.  Data collection has become a 

significant aspect of our lives because of advancements in information technology, 

ML/AI, and the demand for optimization. Wearable technology for measuring 

performance and fitness, as well as real-time monitoring of physiological data, has 

grown significantly in the past ten years. Traditional sensors are not easily attachable 

to the human body due to being rigid. Flexible wearable sensors are a reasonable 

demand of time, so research is progressing to develop flexible sensors.  

Electromechanical wearable sensors have been developed to transform motion 

or force into several electrical sensing systems. These sensors are widely used to 

detect mechanical deformations caused by human motion and movements. When 
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subjected to strain or deformation, a typical type of piezoresistive sensor changes 

resistance. Researchers have combined conductive particles such as carbon nanotubes, 

graphene, silver nanoparticles, nanowires, and metal-coated conductive threads into 

functional clothing to improve flexibility and usefulness, allowing the fabrication of 

flexible sensors. 

Researchers widely use carbon nanotubes to develop flexible piezoresistive 

sensors. Aziz and Chang [56] fabricated an intelligent fabric sensor using single-

walled carbon nanotubes -filled with polyvinylidene fluoride/ ploy (3,4 ethylene 

dioxythiophene)-poly(styrene sulfonate). The sensor shows a temperature sensitivity 

of 38 kɋ/oC, and the sensitivity to bending moment was 90 kɋ per degree angle. The 

sensor was integrated into a 3M gas mask and monitored the breathing rate. Roh et al. 

[57] use a single-walled carbon nanotube sandwiched between two layers of 

polyurethane (PU)-poly(3,4-ethylene dioxythiophene) polystyrene sulfonate. This 

sensor was able to stretch 100% and 62% transparent. The sensor was tested on the 

human face to capture the blinking of eyes and lip movements. Park et al. [58] used a 

wrinkled carbon nanotube thin film in eco-flex to develop the flexible sensor. This 

sensor can measure the joint movements of the knee, elbow, and fingers. The same 

sensor was also tested for blood flow monitoring near the wrist. Doshi et al. [59] 

developed a knit fabric-based flexible carbon nanotube sensor by directly hybridizing 

carbon nanotubes on knit fabric fibers through electrophoretic depositions. This sensor 

is highly sensitive and can measure the joint movement of the knee/elbow/fingers, 

muscle movements, breathing, etc. It is easily integrable with smart fabrics. Flexible, 

stretchable materials can incorporate strain sensors based on carbon nanotubes to track 

joint movements. These sensors can be positioned on or close to joints to measure the 
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strain experienced during motion, determine joint stability and range of motion and 

spot anomalies such as muscle imbalances or joint problems. 

Other than strain sensors, piezoresistive pressure sensors are also developed for 

human health applications. Ramalingame et al. [60] developed a piezoresistive sensor 

matrix based on carbon nanotubes for pressure distribution measurement. An array of 

measurements was taken from the sheet of carbon nanocomposite to measure the 

pressure point. Doshi and Thostenson [61] developed fabric-based pressure sensor 

functionalized carbon nanotubes deposited on non-woven aramid using electrophoretic 

deposition. These sensors are highly sensitive and can measure the touch of a finger to 

heavy pressure. Burch et al. used this fabric-based sensor as an insole pressure sensor 

and validated its use for quantifying ground reaction forces for human health 

applications. When performing biomechanical analyses, ergonomic assessments, or 

pressure mapping for bedridden patients, carbon nanotube pressure sensors can be 

utilized to measure external forces or pressures applied to the body. 

Carbon nanotube sensors can also be utilized to measure various parameters 

related to human health. Strain sensors on integration with wearable devices such as 

respiratory belts or patches to monitor the expansion and contraction of the 

chest/abdomen during breathing which gives the respiration rate. By measuring the 

pulse rate using a carbon nanotube sensor, it can measure the blood flow and heart 

rate. Strain sensors integrated into smart garments can give posture/position and 

movements. Although carbon nanotube sensors have demonstrated remarkable 

potential in various health monitoring applications, their incorporation into real-world 

devices and systems is still a work in progress. 
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1.4 Summary and Conclusions 

There has been broad interest in employing carbon nanotubes for a variety of 

applications, including flexible wearable sensors and structural health monitoring, due 

to their outstanding mechanical and electrical capabilities, low density, and declining 

costs. Recent developments in the area of nanotechnology and imaging systems has 

supported the growth of research of material at the nanoscale. Although the science 

and characterization of nanomaterials have advanced significantly, there are still 

significant gaps in developing scalable production methods for nanocomposites and 

evaluating the piezoresistive response under actual loading conditions. There are 

various carbon nanotube sensors developed for respective applications. However, still, 

the challenge is to convert them into commercialized products. Another significant 

concern is the toxicity effect of carbon nanotubes on humans. No research has 

examined the impact of carbon nanotubes on humans in detail.   
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CARBON NANOCOMPOSITES PROCESSING  

Carbon nanotubes have excellent mechanical and electrical properties. 

However, one of the challenges in processing is agglomeration of carbon nanotubes 

due to surface interaction. It is challenging to make uniform dispersion of carbon 

nanotubes due to agglomeration. A uniform carbon nanotube dispersion is crucial for 

high sensitivity and repeatability. This chapter discusses different techniques to create 

a uniform dispersion of carbon nanotubes and the processing of composite materials 

primarily used in this research. 

2.1 Uniform Dispersion of Carbon Nanotubes 

The large agglomeration of carbon nanotubes makes it challenging to disperse 

when mixed with polymer/epoxy. To create uniform dispersion, some frequently used 

methods are shearing mixing [1], [2], sonication [3], surfactant-assisted dispersion [4], 

[5], functionalized polymer-assisted dispersion [6], [7], and electrophoretic deposition 

[8]ï [11]. This section discusses three roll milling and direct hybridization of the 

carbon nanotube composite. 

2.1.1 Shear Mixing: 3-Roll Milling  

A shear mixing method, three-roll milling, is used by multiple researchers [1], 

[12], [13] to disperse agglomerated carbon nanotubes in the polymer/epoxy. As shown 

in Figure 2.1, three roll mills have three cylinders made of hard abrasion-resistance 

material. Three rollers, named feed roll, central roll, and apron roll, rotate in opposite 
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directions and at different speeds relative to each other. The difference in speed 

provides a shear force on the material fed between rollers 1 and 2. The gap between 1 

and 2 is kept larger than between 2 and 3 for smooth mixing. The gap is adjusted and 

reduced gradually to achieve uniform dispersion without overloading the equipment. 

The speed for the roller increases from 1 to 2 to 3 i.e., ɤ1< ɤ2< ɤ3. This process is 

repeated multiple times to achieve uniform dispersion without breaking the carbon 

nanotubes.  

 

 

Figure 2.1 Three roll milling schematic with the rotation direction of rollers. 

Agglomerated carbon nanotube mixed with polymer/epoxy is fed between 

rollers 1 and 2, and dispersed carbon nanotube is collected at the knife edge 

of roller three after multiple cycles. 

Processing parameters such as the gap between rollers significantly affect the 

dispersion. Thostenson and Chou [14] used progressively smaller gap settings of 50, 

30, 20, 10, and 5 µm to achieve uniform dispersion. A drastic reduction in the gap 

between rollers can lead to overloading of the equipment and carbon nanotube 

breakage.   
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2.1.2 Carbon Nanotube Processing: Dip Coating  

  

It is observed that on adding a small amount of carbon nanotube in epoxy/ 

resins, the mixtureôs viscosity significantly increases and affects the flowability of the 

resin in further composite processing in vacuum-assisted resin transfer molding 

(VARTM) and/or 3D printing. This limits the carbon nanotube concentration in the 

mixture, hence electrical and mechanical properties. Calendaring is a complex process, 

and the only way to control the dispersion uniformity is by decreasing the gap size in 

more minor decrements and more passes in each gap setting.  

Carbon nanotubes can be combined with fibers directly using direct 

hybridization. In this method, resign is infused through VARTM after coating/ adding 

the carbon nanotubes on the composite. Dip coating has been used by researchers in a 

variety of applications [15]ï [20].   

 

 

Figure 2.2 Uniform carbon nanotube dispersion preparation schematic using 

commercial Aquacyl AQ0303. 

In this research, a dip coating process is used to create carbon nanotube 

composite coating on the fabric [21]. A commercially available aqueous dispersion of 
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multi-walled CNTs (Aquacyl AQ0303, Nanocyl) coats aramid fabric. This dispersion 

contains 3% of multi-walled CNT by weight. As shown in Figure 2.2, one part of the 

commercial aqueous dispersion is diluted with two parts of ultrapure water by weight 

to lower the viscosity of the dispersion. This mixture is processed using a centrifugal 

mixer (THINKY® ARM-310) at 2000 rpm for 120 s, followed by sonication in an 

ultrasonic bath sonicator (Branson® 1510) for 30 minutes to ensure uniform 

dispersion of carbon nanotubes. 

 

Figure 2.3 Schematic of carbon nanotube coating on aramid fabric using dip coating 

and the fabric before and after dip coating. 

The fabric is cut into sizes and placed in a flat bottom container, as shown in 

Figure 2.3. The dispersion is poured into a flat-bottomed container, and the knit fabric 

is dipped in the diluted dispersion for 10 minutes. The fabric was then dried in a 

convection oven for 30 minutes at 150°C to remove water content. The process was 

repeated after flipping the fabric. The carbon nanotube coating is evaluated with 

Auriga 60 CrossBeam 9FIB/FE-SEM). A uniform coating is deposited on the fiber 

surface. 
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Figure 2.4 shows the scanning electron micrographs of a carbon nanotube 

coated non-woven aramid using a dip coating technique using commercial carbon 

nanotube dispersion Aquacyl. On the left is a low-magnification image showing the 

randomly oriented fibers within the fabric and on the right-hand side is the image of 

single fiber with deposited carbon nanotube film. Web-like structures are visible 

between some of the randomly oriented aramid fibers, possibly because of cross-

linked binder used for manufacturing the non-woven aramid fabric. Carbon nanotube 

film is also deposited on this web-like structures along with fibers. 

 

 

Figure 2.4 Scanning electron microscopy images showing non-woven aramid fiber 

orientated randomly (left) and uniform carbon nanotube coating on a single 

fiber (right). 

The right-side image shows one of the fibers within the fabric with a uniform 

coating of carbon nanotubes film. Some larger-sized bundles/ particles like structures 

are also observed throughout the fabric, which are possibly present due to the 

surfactant/polymers used in creating the commercial carbon nanotube dispersion. This 

is one of the limitations of dip coating. The presence of surfactant and polymer may 

influence the carbon nanotube distribution in fabric and the response. Dip coating is 
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also a simple carbon nanotube coating on fibers/ fabric, and its durability may be 

severely impacted.   

2.1.3 Direct Hybridization of Carbon Nanotubes Using Electrophoretic 

Deposition 

Electrophoretic deposition (EPD), the process of depositing particles on the 

substrate under an electric field, is versatile and economical for thin coating. EPD is 

widely used in industrial applications where uniform coating is a requirement for 

complex, uneven surfaces [22], [23]. Carbon nanotubes can be effectively deposited 

using EPD. Du et al.  [24] are known to be among the first researchers to deposit 

carbon nanotubes using electrophoretic deposition. They found that the solvent 

composition, a mixture of ethanol and acetone, influences the filmôs microstructure. 

Nie et al. [25] deposited multi-walled carbon nanotube film of different thicknesses on 

a graphite substrate. A deposited carbon nanotube shows good electro-sorption 

capacity. EPD time also affects the thickness and morphology of the carbon nanotube 

film. An et al. [26] used electrophoretic deposition to deposit carbon nanotubes on 

carbon fiber before processing carbon epoxy composite through resin infusion. A 

commendable increase in shear strength and fracture toughness of carbon/epoxy 

composite was measured. Qingliang et al. [27] used EPD to deposit carbon nanotubes 

on carbon/carbon composite to improve ablation. 

In this research, electrophoretic deposition is used to deposit carbon nanotubes 

on non-woven aramid and commercial knit fabric. Commercially available multi-

walled carbon nanotubes generated by chemical vapor deposition (CM-95, Hanwha 

Nanotech) were dispersed in ultra-pure water utilizing an ultrasonication and 

ozonolysis approach reported by An et al. [26] for a scalable and efficient 
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electrophoretic deposition process. Two liters of ultra-pure water are mixed with 2 

grams of multi-walled carbon nanotubes, and the mixture is stirred with a magnetic 

stir bar. A peristaltic pump (Model MU-D01, Major Science) is used to circulate the 

mixture through an ultrasonic liquid processor with a 12.7 mm diameter horn 

(Sonicator 3000, Misonix) equipped with a continuous flow cell (800B Flocell, 

Qsonica), operating at 60 W in a duty cycle with 15 seconds on and 10 seconds off. 

The mixture is then cooled to 5°C in a water bath. 16 hours were spent on sonication 

in total. To oxidize the carbon nanotube surfaces during ultrasonication, ozone gas 

generated by an oxygen concentrator (OxyMax 8, Longevity Resources) and ozone 

generator (Ext 120-T, Longevity Resources) was bubbled into the mixture at a flow 

rate of 500 ml/minute. To functionalize the oxidized nanotubes, 2 grams of 

polyethyleneimine, PEI (Mw: 25,000, Sigma-Aldrich), are added to the dispersion and 

sonicated again for 4 hours under the same circumstances after ozone treatment. To 

protonate the amine groups and create a stable dispersion of positively charged carbon 

nanotubes, the PEI functionalized nanotube dispersions are then brought to a pH of 6 

using glacial acetic acid (Sigma-Aldrich). Because of their positive charge and natural 

tendency to repel one another, the carbon nanotubes functionalized with PEI produce a 

stable dispersed solution in water. When an electric field is generated, these positively 

charged carbon nanotubes travel toward the negative electrode due to electrophoresis 

and can be deposited on the negative electrode. In addition to being essential for the 

nanotubes to be positively charged to form a stable dispersion, PEI also helps to form 

chemical bonds on the surface of the fibers to produce a durable carbon nanotube 

coating. 
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Conductive materials such as carbon fiber support the deposition because they 

can act as electrodes and support deposition; however, they also affect the sensing 

response. An et al. [28] deposited carbon nanotubes onto non-conductive glass fibers 

using an aqueous dispersion of carbon nanotubes functionalized with PEI. 

Thostenson's group of researchers has shown that carbon nanotubes can be deposited 

using EPD on non-conductive materials like glass, polyester, wool, aramid, and nylon 

[10], [11], [21], [29]ï [33]. Sung et al. [30] explained the carbon nanotube film growth 

mechanism on nonconductive fibers. The initial deposition of carbon nanotube occurs 

on the metallic electrode. Carbon nanotube coating continues to form on the fiber 

surface closest to the electrode. For higher deposition time, the film continues to grow 

along the thickness, starting from fibers in contact with the cathode. A higher coating 

thickness was observed on the fibers in close contact with the electrode. 

 

Figure 2.5 Setup schematic for electrophoretic deposition of PEI-functionalized 

carbon nanotubes on non-woven, non-conductive aramid fabric. 
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Figure 2.5 shows the setup for the electrophoretic deposition of PEI-

functionalized carbon nanotube on non-conductive aramid fabric. Because the carbon 

nanotubes are positively charged, the fabric to be coated was backed up against a 

stainless-steel electrode connected to the negative terminal of the power supply. 

Complete contact of the nonconductive fabric with the electrode is essential for 

uniform deposition. Electrolysis-induced gas production might result in bubbles that 

cause localized separation of the fabric contact with the electrode and uneven carbon 

nanotube deposition. Elastic bands are employed to maintain uniform contact of fabric 

with the electrode. Using insulating spacers, a counter electrode made of stainless steel 

was positioned parallel to the cathode at a predetermined distance. The carbon 

nanotube dispersion was added to the assembly and put in a glass container. By using 

a DC voltage, electrophoretic deposition is carried out. A uniform coating is observed 

on the finer surface. 

 

 

Figure 2.6 Scanning electron micrograph of EPD deposited carbon nanotube on non-

conductive aramid fabric, web-like structure with carbon nanotube coating 

(left) and carbon nanotube film on single fiber (right). 

The carbon nanotube coating is evaluated with Auriga 60 Crossbeam 9FIB/FE-

SEM). Figure 2.6 shows the scanning electron microscope image of non-woven 
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nonconductive aramid coated with carbon nanotubes with EPD. On the left is a low-

magnification image showing the web-like fiber structure with coating on the fibers 

and space. Carbon nanotubes are also deposited on these structures. The right-hand 

side Figure 2.6 is a higher magnification image showing one of the fibers within the 

fabric with a uniform coating of the carbon nanotubes. Figure 2.7 shows the 

micrograph of knit fabric coated with carbon nanotubes using EPD. At low 

magnification, the knit loops are visible with coating on the fibers and space in 

between fibers. At higher magnification, a uniform carbon nanotube coating is visible 

on the single fiber of the knit fabric.  

 

 

Figure 2.7 Scanning electron micrograph of EPD deposited carbon nanotubes on 

commercial knit fabric, knit loops with nanotube coating (left), and carbon 

nanotube coating on single fiber (right). 

The required thickness, homogeneity, and characteristics of the CNT coating 

will determine the specific EPD parameters, such as applied voltage, deposition 

duration, suspension concentration, and electrode separation. The ability to deposit 

CNTs onto complicated structures, scalability for large-scale production, and the 

possibility to customize the properties of the resulting coatings or composites by 
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modifying deposition settings are only a few benefits of electrophoretic deposition of 

CNTs. 

2.1.4 Durability of Carbon Nanocomposite Coating 

Smart garments experience various environmental loads, such as washing, 

abrasion, and sunlight exposure. The applicability of these sensors in smart garments 

relies on maintaining the excellent quality of carbon nanotubes adhesion to fabric with 

everyday use like garments. Gaubert et al. [34] investigated the impact of washing 

loads on silver-plated textile electrodes and observed a significant loss of silver 

coating due to chemical reactions. Paul and co-workers [35] investigated the durability 

of the screen-printed conductive track of silver polymer paste, which was fully 

encapsulated with polyurethane. They found a significant decrease in conductivity due 

to the loss of silver film after ten washing cycles.  

 

Figure 2.8 Picture of dip coated and electrophoretically deposited carbon nanotube-

coated fabric before the start of wash, after 1st wash cycle and after 5th 

wash cycle [36]. 
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In fabric-based nanotube sensors, nanotube film is deposited through two 

different processing methods, dip coating, and electrophoretic deposition, as explained 

above. The standard washing test was performed to evaluate the performance of 

carbon nanocomposite adhesion with the fibers under washing. Both processing 

procedures were used to create ten 40 × 40 mm specimens, and four uncoated fabric 

specimens were included in the washing test.  

The washing test was conducted in accordance with AATCC LP1-2018e, the 

test standard established by the American Association of Textile Chemists & Colorists 

(AATCC). Fifteen liters of water were utilized with a 3.5 kg KUPPET small portable 

washing machine. A 1.75 kg laundry load of ordinary clothing was introduced 

together with 50 ml of AATCC high-efficiency standard reference liquid detergent as 

per the norm. After a 14-minute wash cycle, there are two 14-minute rinse cycles- one 

with laundry ballast and the other with just the coated specimens. To ensure complete 

soap removal during rinse cycles, the water is changed after 7 minutes. Specimens 

were dried for 24 hours on a flat screen in still air at no more than 26°C. Carbon 

nanotube-coated knit fabric sensors were tested for durability for five washing cycles. 

Figure 2.8 shows the carbon nanotube-coated fabric picture before the 

washing, after 1st wash, and after 5th wash cycle. Dip-coated carbon nanocomposite 

coating does not sustain a single wash cycle. However, for the electrophoretically 

deposited knit fabric, there is no visible change after the 5th wash cycle.  

Electrophoretically deposited carbon nanotube coating has strong adhesion with 

fibers/fabric. In electrophoretic deposition, a chemical link is created between 

functionalized carbon nanotubes and the fiber surface [37]. Electrical conductivity is 

also measured after each wash cycle, and it was found that dip-coated fabric becomes 
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nonconductive after the first wash however EPD code fabric was found to be 

conductive after the 5th wash cycle.  

Previously, Doshi and colleagues [11] performed a tape test and sonication test 

to examine the robustness of the electrophoretically deposited carbon nanotube 

coating on the fibers. Only along the edge of the specimen were some little fiber bits 

and a dark residue visible after removing the tape. Higher magnification revealed that 

the fabric's fibers had snapped and been pulled out, most likely because the fiber ends 

were being scissored. Like the tape testing, the results of the sonication tests left no 

observable trace of carbon nanotube coating in the water, demonstrating a solid bond 

between the coating and the fibers. 

2.2 Vacuum-Assisted Resin Transfer Molding (VARTM) 

VARTM, a closed-mold process, allows producing high-performance, massive 

fiber-reinforced polymer (FRP) composites with low tooling investment. The resin 

transfer molding (RTM) technique, which involves pouring liquid resin into a mold 

containing reinforcement elements, is modified by the VARTM technique. When 

using VARTM, the mold is typically placed within a vacuum bag before the bag is 

sealed creating a vacuum environment. The mold has already been filled with 

reinforcement materials like fiberglass or carbon fiber. The air is then forced out of the 

mold and the liquid resin is injected under vacuum pressure, impregnating the fibers. 

Vacuuming the part helps ensure appropriate resin distribution throughout and 

removes air gaps. The VARTM process offers several advantages over traditional 

methods of composite manufacturing. It allows for producing large and complex 

shapes with high fiber volume fraction, resulting in strong and lightweight structures. 
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VARTM also enables the use of various types of reinforcements and resin systems, 

providing flexibility in material selection.   

 

 

Figure 2.9 VARTM setup schematic to manufacture carbon nanocomposite. 

In this research, VARTM is used to infuse epoxy into the carbon nanotube-

coated fabric to produce nanocomposite. A Schematic of the typical VARTM setup 

used in this research is shown in Figure 2.9. A mold release agent, Frekote, is applied 

on the top surface of the steel mold, and peel ply is laid on the steel mold to ensure 

smooth removal of the nanocomposite. Vacuum bag sealant (Tacky tape) is applied on 

all four sides close to the edge to ensure the proper vacuum is maintained. Resin inlet 

and vacuum outlet pipes are attached using high-temperature tubing. Carbon 

nanotube-coated fabric is placed on a peel ply, and distribution media is added to 

support the resin flow. Finally, the setup is covered with a vacuum bag, and zero 

leakage is ensured on the vacuum application. The vacuum pressure improves the 

consolidation, reducing flaws and boosting the finished product's mechanical qualities. 

The mixture was prepared with a curing agent (Epikure-W) at a concentration 

of 26.4:100 curing agent to EPONÊ Resin 862 (Hexion). Using a planetary centrifugal 



 

 39 

mixer, the mixture was blended, followed by degassing in a vacuum oven heated to 

60 C and then used for VARTM. The complete setup is kept in a convection oven at 

70o C and resin is infused under vacuum. After complete infusion, the matrix is cured 

for 6 hours at 130oC. 

 

 

Figure 2.10 Carbon nanotube coated fabric placement with a high temperature tape at 

electrode location and front and back view of nanocomposite after 

VARTM. 

Figure 2.10 shows the placement of the carbon nanotube aramid fabric in the 

mold. High-temperature tape is applied so that fibers are exposed at the location of 

electrodes. After VARTM, we see the fibers are exposed at the tape location, as shown 

in Figure 2.10 and on the back side, a smooth surface is observed.  

2.3 Summary and Conclusion 

The processing techniques used to produce hierarchical nanocomposites based 

on carbon nanotubes have been described in detail. The carbon nanotubes in a 

composite can either be dispersed throughout the matrix or directly hybridized on the 

fibers/fabric. In this study, the dispersion method uses a mixture of carbon nanotubes 
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and epoxy resin that is treated in a three-roll mill at extremely high shear pressures to 

scatter the nanotubes uniformly.  

Direct hybridization techniques employing dip coating and electrophoretic 

deposition are also used in this research due to the difficulties associated with three 

roll milling such as high viscosity, restrictions on the quantity of carbon nanotubes 

that can be added. Commercial carbon nanotube dispersions with polymers and 

surfactants are utilized for dip coating. Despite the ease and simplicity of this 

processing method, controlling the thickness of the carbon nanotubes and their weak 

connection to the surface of the fibers provide significant challenges. With a better 

control of the thickness and quality of coating, electrophoretically deposited coating 

also gives a solid adhesion to the fabric. Strong adhesion of the thin carbon 

nanocomposite film also results provide good durability of the sensor.  

A practical and scalable electrophoretic deposition approach is applied. The 

ultrasonication ozonolysis method is used to disperse positively charged, PEI-

functionalized carbon nanotubes in water, and then an electric field is used to deposit 

them on non-conductive fabrics. The carbon nanotube film thickness/shape can be 

adjusted by changing process variables such as nanotube concentration, field strength, 

and deposition time. The VARTM process used to process nanocomposites from 

carbon nanotube-coated fabric is also explained.  
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COMMERCIAL KNIT FABRIC -BASED FLEXIBLE CARBON 

NANOCOMPOSITE SENSORS: SENSING MECHANISM AND 

APPLICATION   

3.1 Introduction  

Carbon nanocomposites have been used to develop numerous sensors during 

the past decade. These sensors find their application in human motion detection[1]ï 

[5], biomedical engineering [6], flexible electronics [7], [8], and pressure and strain 

sensing[9]ï[12]. Researchers have developed various methods to process carbon 

nanotubes to make sensors, such as mixing carbon nanotubes with polymer [13] , 

placing highly aligned carbon nanotubes on PDMS [1], additive manufacturing [14], 

[15], and carbon nanotubes deposition on different substrates[12], [16],. However, 

none of these sensors would be ideal for human motion analysis due to difficulties 

with integration into clothing. A sensor's capacity to be flexible, stretchable, sensitive, 

breathable durable is essential for integration with clothing.   

Researchers created flexible, stretchable, and simple-to-integrate fabric-based 

sensor [17]ï[22] . For the examination of human motion, Doshi et al. created fabric-

based sensors using carbon nanocomposite, which demonstrated exceptional responses 

for evaluating human joint motion [9], [10], [12]. 

Here, we developed an ultra-sensitive carbon nanocomposite sensor with a knit 

fabric foundation for use in the motion monitoring of people. Using electrophoretic 

deposition, carbon nanotubes are added to knit fabric that is readily accessible in the 

Chapter 3 
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market to create a conductive layer. When worn on the knee or elbow during sitting 

and standing movements, the sensor's ultrahigh sensitivity displays a resistance change 

of ~ 3000% [10], [12]. This sensor fits well on uneven surfaces and is as flexible and 

breathable as a base knit cloth. These carbon nanocomposite sensors' detecting 

performance is influenced by the distribution of carbon nanotubes in the composite, 

the substrate material, the application of strain, and the tunneling behavior of carbon 

nanotubes. 

Both micromechanical deformation of the knit fabric and carbon nanotube 

tunneling [23] have an impact on the sensor sensitivity. This work examines the 

sensing mechanism of a knit fabric sensor constructed of carbon nanocomposite. 

Multiple tests are performed to examine the sensing mechanism from the fabric level 

to the yarn level. The performance of a fabric depends heavily on how fibers move 

within yarn and yarn interfaces [24]. Numerous researchers have suggested 

computational models to investigate this microscale phenomenon [25]ï[27]. To 

investigate the behavior of the yarn interface during the wale direction stretch, we 

created a single-loop yarn finite element model in ANSYS®. The yarn is compressed 

at the joint and extended at the legs, as demonstrated by this model.      

3.2 Knit Fabric Structure  

As the base material, this study uses a Knit fabric that was bought in stores. 

Knitted materials are known for being very flexible, stretchy, and able to fit different 

shapes well. They are especially liked because they can keep their shape for long 

periods. Because knit fabric is so famous, it is used in many everyday clothes. Loops 

of yarn are woven together with a needle to make the fabric, which is a sheet. There 

are two main types of knitted fabrics:  weft and warp. Weft knit fabric is created by 
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forming loops horizontally from a single yarn and each subsequent row of loops builds 

atop the previous rows of loops successively. In warp knitting, loops are produced 

from each warp yarn vertically along the length of the cloth, so each yarn has its 

needle. This chapter included the discussion about knit fabric.  

 

 

Figure 3.1 Structure of knit fabric, (a) scanning electron micrograph of gray-white 

knit fabric with loops and (b) schematic representation of weft knit fabric 

and repetitive unit cell. 

By modifying the constituent materials, knitting parameters, thread patterns, 

and yarn properties, application-specific knit fabrics can be customized to meet 

various needs. Yarn is a strand composed of natural or synthetic fibers, filaments 

(individual fibers of extreme length), or other materials. The strand may consist of 

several fibers that have been twisted together, several filaments that have been 

grouped together but not twisted, several filaments that have been twisted together, 

and a single filament known as a monofilament that may or may not have been 

twisted, or one or more strips cut from a sheet of material, such as paper or metal foil, 

that may or may not have been twisted. The characteristics of the textile used to have a 
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significant impact on the appearance, texture, and functionality of the finished fabric. 

Knitted material is multi-level and multi-scale because fibers/filaments compose 

yarns, which compose the knitted fabric via the string. Consequently, there are three 

dimensions for modeling and testing knitted fabrics: microscale (fiber level), 

mesoscale (yarn level), and macroscale (fabric level). 

 

 

Figure 3.2 (a) Various segments of the yarn loops in weft knit fabric, (b) sections of 

the yarn at leg, joint and legs , (c) scanning electron micrograph of fibers 

in the yarn and fiber orientation and (d) scanning electron micrograph of 

carbon nanotube coating on the fibers. 

Weft knitted fabrics are anisotropic and highly deformable. This study's fabric 

is weft-knit with yarn composed of continuous, untwisted fibers. Using a tabletop 

SEM, the structure of the gray-white fabric used in this investigation is analyzed, 
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Figure 3.1a. A single yarn is looped horizontally to form a row or course, with each 

row expanding on the previous one.  Figure 3.1b shows a geometric model of weft knit 

fabric illustrating how the yarn circles in the weft direction. 

Plane weft knitted fabric can be generated by a repeating representative unit 

cell in the wale and weft direction. A yarn loop can be divided into three segments, 

loop head, loop legs, and loop joint, as shown in Figure 3.2a. The cross-section of 

these segments is represented by CsL, CsH, and CsJ, for loop leg, loop head, and loop 

joint, respectively, Figure 3.2b. The single loop is geometrically symmetric across the 

midsection of the loop head. The yarn of gray-white fabric is made of continuous 

untwisted filaments, as seen in the SEM image, Figure 3.2c. The orientation of fiber in 

the yarn is considered fiber direction. Yarns have a high elastic modulus in the fiber 

direction compared to the direction normal to the fibers [25]. Figure 3.2d shows the 

scanning electron micrograph of the carbon nanotube coating on the fiber. 

3.3 Experiments and Computational Modeling 

This study uses experiments and simulations to study the sensing response at 

the fabric and yarn scale. Three commercial knit fabrics are tested for elongation in the 

wale direction. Based on the electromechanical response, the best-performing fabric is 

selected for the application, yarn extension, and loop testing to study the sensing 

mechanism. A single yarn loop computational model is prepared in ANSYS and 

evaluated for elongation in the wale direction as shown Figure 3.1b. 

3.3.1 Fabric Elongation Test  

The fabric level of testing is performed with commercially available knit fabric 

in JOANN®. Three stretchable knit fabrics were selected with different constituent 
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materials and areal weights, as shown in Table 3.1. As described in Chapter 2, a dip-

coating procedure creates a conductive carbon nanotube composite coating on the 

fabric. Coating knit fabric with a commercially available aqueous dispersion of multi-

walled CNTs (Aquacyl AQ0303, Nanocyl) containing 3% multi-walled CNT by 

weight. On the fiber surface, a uniform coating is deposited, as shown in Figure 3.2d. 

Table 3.1. Constituent materials and areal weight of three different commercial knit 

fabrics used for fabric elongation test. 

Sr. No. Color Constituentsô material 
Areal Weight 

(g/m2) 

A Dark Grey 
Rayon (65%), Nylon (30%), 

Spandex (5%) 
363.9 

B GrayWhite 
Nylon (44%), Polyester (43%), 

Spandex (13%) 
280.6 

C Bright Red Rayon (95%), Spandex (5%) 208.1 

After carbon nanotube coating on the knit fabrics, the fabric is cut into 127 x 

25.4 mm. As shown in the schematic in Figure 3.3a. 25.4 x 25.4 mm glass fiber end 

tabs are attached at both ends using two-part epoxy (LOCTITE EA 9309NA). 

Electrodes are made 63.5 mm apart with silver paint (Flash Dry, SPITM Supplies), 

and lead wires are attached to the electrodes using 2-part conductive silver epoxy resin 

(EPOXIES® 40-3900, Epoxies, Etc.). Tensile tests are conducted under controlled 

displacement using an universal test machine (Instron Micron Tester 5848) with a 2 

mm/s displacement rate. A voltage-current meter (Keithley 6430 sub-femtoamp 

remote source meter) measures the electrical response. A constant source voltage is 

applied across the electrodes, and the current is measured. Electrical resistance and 

extension measurements are synchronized using a customized LabVIEW program. 
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Figure 3.3 (a) Schematic of the specimen for fabric extension test in wale direction, 

(b) schematic of specimen for testing with constrain in course direction 

and (c) specimen image with thread loops in the syringe pump during 

testing. 

The fabric sample is stretched with the edge constrained in the course direction 

to create a second test setup. T-slot aluminum framing rails are used to construct a 

frame. Attaching the specimen to a syringe pump with a custom-made attachment and 

attaching two pre-tensioned steel wires to pass near to the specimen along its length. 

The specimen is stretched at a rate of 0.85 mm/sec while the electrical resistance is 

measured. Repeat the test while constraining the edge in the course direction. Figure 

3.3b demonstrates the use of thread and needle to create loops over the steel wire that 

constrain the fabric in the course direction, and Figure 3.3c demonstrates that the loops 

are free to travel on the steel wire to prevent any impact on the stretchability of the 

fabric. One end of the thread was left untied to prevent any resistance caused by the 

fabric stretch in the weft direction. 
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Figure 3.4 (a) Schematic for yarn extension test , (b) schematic for loop test with 

silver coating on the leg section, (c) specimen as it is, with paper baking 

sheet, in the grip of Instron, and (d) specimen before the start of the test, 

after removing the paper sheet. 

3.3.2 Yarn Extension along the Length Direction 

The yarns are extracted from the uncoated gray-white fabric (B). These fibers 

are dipped in a carbon nanotube dispersion containing carbon nanotubes and then 

coated with the solution. The yarns extracted from the weft of woven fabric and coated 

with CNTs by dipping are undulating. As depicted in Figure 3.4a, specimens are 

prepared on a 300 GSM paper sheet as a base to prevent yarn accumulation before 

testing. On the paper, ten mm-apart glass fiber end taps have adhered with double-

sided adhesive. Copper tape is used to secure unstretched yarn. Silver paint prepares 

the electrodes (Flash Dry, SPIÊ Supplies). Using a 2-part conductive silver epoxy 

resin (EPOXIES® 40-3900, Epoxies, etc.), the electrodes are connected to the lead 
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wires. To avoid yarn slippage during testing, a small drop of two-part epoxy 

(LOCTITE EA 9309NA) is added to the ends of the yarn.  

 

 

Figure 3.5 (a) Setup of yarn extension using a syringe pump and handheld digital 

microscope for image capture, (b) paper sheet removal before the start of 

stretch, and (c) stretched yarn during the test. 

Tensile tests are conducted using electromechanical test equipment (Instron 

Micron Tester 5848) with a displacement rate of 0.5 mm/sec and a 5 N load cell for 

controlled displacement. Utilizing mechanical handles, the specimen is held for 

testing. Initially, as it is being prepared, the specimen is secured in the handles, Figure 

3.4b, and the paper sheet is removed from the specimen using scissors, Figure 3.4c, 

before the commencement of the test. Using a voltage-current meter, the electrical 

resistance is measured. A handheld digital microscope (Dino-lite) documents the 

yarn's deformation. 
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Figure 3.6 (a) schematic for loop test with silver coating on the leg section, (b) 

specimen in the grip of Instron micro tester and (c) finite element mesh 

of double loop of knit fabric. 

Another yarn extension experiment is designed to verify the deformation of 

fibers in the yarn on elongation. A yarn specimen is prepared with uncoated yarn 

pulled from the fabric. End tabs are attached to the paper sheet at 50 mm, and the yarn 

is attached to it with epoxy. The syringe pump is used for yarn elongation. A hand-

held microscope (Dino-Lite) captures the images at a different stretch, as shown in 

Figure 3.5a. The paper sheet is cut and removed before the test, Figure 3.5b to ensure 

the stretch is applied only on the yarn. As shown in Figure 3.5c, yarn is stretched, and 

yarn images are captured after every 3 mm elongation. 

3.3.3 Yarn Loop Test 

Loop tests are performed to replicate the yarn's electromechanical response at 

the fabric's loop joint on the stretch. For the loop test, yarn is pulled from the fabric 

and coated with carbon nanotubes using dip coating. Specimens are prepared on a 300 

GSM paper sheet, like the yarn extension test. A loop of the yarn is created, and the 
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yarn is coated with silver paint except for the joint, Figure 3.6a. This ensures the 

electromechanical response of the yarn joint on the stretch application. Tensile tests 

are conducted under controlled displacement using an uuniversal test machine (Instron 

Micron Tester 5848) with a 0.5 mm/sec displacement rate. Electrical resistance across 

the electrode is recorded with elongation. A handheld microscope is also used to 

record the yarn loop elongation. Similarly, other loop test specimens are prepared to 

study the influence of the loop joint with loop legs in the fabric. In these specimens, 

the legs of the loop are not painted with silver paint, as shown in Figure 3.6b. This test 

gives us a combined response of the loop joint compression and leg stretch. 

3.3.4 Computational Model  

A single yarn loop geometry is created in solid works using geometric data 

from the research presented by Li et al. [28], and this single loop represents the single 

unit of the knit fabric, Figure 3.2b. Weft and wale directions are global X and Y 

directions in the geometric model. A 7 x 9 loop geometry was prepared by replicating 

the single loop in the ANSYS® workbench design modeler, Figure 3.1b. A small 

section, one complete loop in a wale direction) and two half loops are selected for the 

finite element model preparation, as shown in Figure 3.6c. The model is developed in 

the ñstatic structureò module of the ANSYSÈ workbench. The solid geometry is 

discretized with element SOLID 185 with KEYOPT(2)=2 with 116,518 nodes and 

101,680 elements. A finer mesh is kept on the center loop, which is our interest. The 

interaction between the yarn is defined by frictional contact with a frictional 

coefficient of 0.15. Material properties are used to model the yarn, as shown in Table 

3.2.  
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Table 3.2. Properties of the material used for yarn in finite element model. 

Elastic Modulus Ex= 10 N/mm2 Ey= 10 N/mm2 Ez= 800 N/mm2 

Shear Modulus Űxy=3.85 N/mm2 Űyz=5 N/mm2 Űzx=5 N/mm2 

Poissonôs ratio ɜxy=0.3 ɜyz=0.0037 ɜzx=0.3 

Element coordinate systems are reoriented such that the Z axis is along the 

length of the yarn and X and Y are in the plane of the yarn cross-section. Symmetric 

boundary condition is applied in the weft (course) direction on section surfaces A5, 

A6, A7, and A8 with a direction normal to the global X direction, Figure 3.6c. All the 

nodes in surface A1 and A3 are coupled with A2 and A4, respectively, in the Y 

direction displacement. Nodes in surface A1 and A2 are coupled with A3 and A4 for 

X and Z direction displacement, respectively. A 10 % strain is applied on the model in 

the wale direction using Surface A1, A2, and A3, A4, Figure 3.6c. The model is 

solved with multiple sub-steps with a large deflection on it. Results are plotted for a 

complete loop.    

3.4 Results and Discussion 

The individual test results are evaluated, and the effect of micromechanical 

deformation of knit fabric yarn loops is studied. The loopôs behavior on weft direction 

deformation was studied using a computational model. Test results, in conjunction 

with the computational response, can explain the high response of the knit fabric 

flexible sensor when used on the elbow/knee.  
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Figure 3.7 (a) Typical fabric sensor response for three fabrics with the extension in 

wale direction, and (b) different resistance change behavior of gray-white 

fabric with extension. 

3.4.1 Fabric elongation response on uniaxial stretch in wale direction 

Each fabric specimen is tested for 15 mm extension in the wale direction, and 

resistance is recorded and plotted with a percentage increase in the length of the fabric 

specimen, Figure 3.7a. Gray white fabric (B) specimen shows the highest resistance 

change (~ 400 %) up to 15% extension, and electrical resistance decreases on 

elongation beyond this point. The dark gray fabric (A) specimen shows increased 

resistance with extension; however, comparatively low resistance change (~ 100%). 

The maximum is attained close to 20% extension, and then an insignificant change in 

resistance is noticed up to the test limit. Bright red fabric (C) shows an increase in 

resistance up to 7-8 % stretch, then electrical resistance decreases. The trend shows 

that with increased areal weight, Poissonôs contraction decreases, ensuring a slighter 

electrical resistance decrease. Based on the response in uniaxial extension, gray-white 

fabric (B) is selected for the application and further evaluation at the yarn level testing. 
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The gray-white fabric's response is nonlinear, associated with multiple-level 

fiber-to-yarn deformation in the fabric while stretching and piezoresistivity of carbon 

nanocomposite. The response of gray-white fabric can be divided into three sections, 

Figure 3.7b.  

I ï A slight increase in electrical resistance ~ 30 % up to 2 % extension.  

II - A sharp change in electrical resistance up to ~ 8% extension, and then the 

slope of resistance change starts decreasing until achieving a maximum increase in 

resistance close to 400 % at approximately ~ 15% extension.  

III - The resistance starts decreasing after reaching the maximum. 

 

 

Figure 3.8:  Finite element model results (a) Contact pressure at the lop joint, (b) 

sliding distance at yarn loop joint, and (c) front and back view of yarn 

loop stress in the fiber direction with compressive stress at the yarn loop 

joint. 

Results of the computational model show that on the application of strain in the 

wale direction, different sections of the loop experience different types of 

behavior/strain/loads. Figure 3.8a shows that at the loop joint, the yarn experience 

pressure and applies a compressive load on the yarn. This pressure is because of 

contact between yarns and supports the increased contact between fibers. The yarn is 
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free to slide, and Figure 3.8b shows that small sliding occurs during the adjustment of 

the yarn/ fiber before achieving static equilibrium. On analyzing the stress in the z 

direction (along the yarn length direction), in Figure 3.8c, compressive stress at the 

joint and tensile stress in the leg and head section of the loops is observed. That shows 

that on applying strain in the wale direction, a single loop experiences compression at 

the loop joint and tension at the loop leg and head, though tensile stress in the loop 

head is very low compared to loop legs.  

Considering the results from the computational model, the following are the 

factors contributing to the sensing of the fabric when stretched in the wale direction:  

- Fiber-to-fiber contact within the yarn 

- Fiber stretch/ elongation  

- Yarn stretch in the loop leg and head 

- Effect of loop joint  

- Loops separation or connection  

- Carbon nanotube tunneling in nanocomposites 
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Figure 3.9: Yarn images captured by handheld digital microscope (Dino-lite) at no 

stretch and at a stretch of 6%, 12 %, 18 %, 24 % and 30%. 

3.4.2 Resistance Response on Yarn Elongation 

The yarn pulled from fabric is extended with a syringe pump, and yarn 

geometry is captured at different extension levels, Figure 3.9, and fails at ~ 35% 

extension. Fibers in the yarn pulled from the fabric are fibrillated. On stretching, 

initially, up to 12 %, fibers come closer, and the yarn cross-section decreases, which 

increases the contact area in fibers. On further extension, fibers start stretching, and 

there is no noticeable change in the yarn cross-section or extension beyond 18%, and 

fibers (along with yarn) straining occurs.  
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Figure 3.10: Representative percentage resistance change of carbon nanotube coated 

yarn on uniaxial extension in length direction. 

In the yarn extension test, the electrical resistance is recorded with extension. 

Percentage change in electrical resistance is plotted with extension and load, Figure 

3.10. As shown in the figure, the yarn has a wavy structure at the start of the test. A 

small change in resistance was observed at the initial extension (~ 1.5 mm). During 

Initial extension, yarn tends to get straight, and waviness is removed, so there is no 

significant change in load. Fiber compression within yarn occurs with extension 

contributing to the insignificant resistance change. At higher strains, fibers are 

stretched, increasing the tunneling gap in carbon nanotubes. This contributes to a 

sharp change in resistance (up to 300%) beyond the 1.5 mm extension. Nonlinearity in 

the resistance change is because of two combined effects: increased fiber-to-fiber 

contact and fiber straining. 
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3.4.3 Response of the Loop Joint under Uniaxial Extension 

Electrical resistance is recorded with extension for both specimens, with and 

without silver paint coated. The resistance change is plotted with extension, as Figure 

3.11a. The initial extension, contact pressure increases at the joint for the specimen 

with silver paint. This increases fiber-to-fiber contact among carbon nanotube-coated 

fibers. Increased interaction in the conductive nanotube-coated fibers causes a 

decrease in electrical resistance. On further increasing the stretch, no further change is 

noticed because yarn elongation has no impact due to electrically conductive silver 

paint covering the yarn. 

 

Figure 3.11: Typical resistance response of the loop test (a) with silver paint coating 

on the loop legs and (b) without silver paint coating. 

In testing the yarn loop without silver paint, the resistance change is plotted 

against the extension, Figure 3.11b. The resistance response is different from the only 

joint response. At a slight stretch, contact pressure at the joint dominates, and 

resistance decreases due to an increase in conductive fiber contact. On the further 

extension of the loop, there is an increase in the length of the loop legs, which causes 

an increase in resistance due to elongation in the fibers and an increase in the 
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tunneling gap in carbon nanotubes. This behavior is in line with the yarn extension 

response. 

 

 

Figure 3.12: (a) Resistance change with fabric elongation in wale direction with and 

without edge constrain in course direction, (b)   dino-lite image of  

unstretched fabric, (c) stretched fabric by 20 % in wale direction, and (d) 

fabric stretched in wale direction. 

3.4.4 Fabric Sensor Response with Constraint in the Course (weft) Direction 

Gray, white (B) fabric testing with and without constrain in the course 

direction (Figure 3.2b), significant response differences are noticed. When we stretch 

the fabric in the wale direction, Poisson contraction also occurs in the weft direction, 

bringing the loops closer in the wale direction after the initial stretch. This closeness of 

loops causes resistance to decrease due to the formation of new conductive paths 

because of yarn-to-yarn contact increase. Once the long edges are constrained in the 
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course direction, a significant jump in the maximum resistance is noticed that is due to 

less Poisson contraction as shown in Figure 3.12a; however, the resistance decreases 

after achieving maxima is due to the nonlinear behavior of fabric and even on 

constrain at the edge, there is poisonsô contraction in the course direction within the 

fabric.  

A dino lite image shows that on stretching in the wale direction, there is an 

increase in the loop leg length, Figure 3.12b, and c. Also, a clear loop head separation 

is observed in the wale direction. At a 20% stretch in the wale direction, on inserting a 

ball of diameter 25.4 mm normal to fabric, there is an increase of the loop leg length 

and separation of the loops in course direction, represented by dotted yellow lines in 

Figure 3.12d. This behavior is like the bidirectional stretch of the fabric.  

3.4.5 Fibers Movement within the Yarn 

To study such behavior, it is essential to understand the deformation of the 

fiber and yarn in the weft knitted on stretching in the wale direction. Wu et al. 

explained the deformation behaviors and mechanism of weft-knitted fabric using a 

micro-scale virtual fiber model using finite element analysis. On load application, the 

yarn strain is much smaller than the overall fabric strain. Also, fabric stiffness in the 

weft direction is small compared to the wale direction because yarns in the weft 

direction tend to be straight. When the fabric is stretched in the wale direction, fabric 

leads to significant elongation in the yarns, and yarns tend to straighten in the wale 

direction. The contact stress of fiber is much smaller than the stress in the fiber 

direction in loop legs. The cross-section at loop joints (CsJ) tends to be elliptical from 

circular and fiber-to-fiber contact increases. Also, the fibers in the cross-section loop 

leg (CsL) and loop head (CsH) experience strain [25]. 
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3.4.6 Sensing Mechanism- Uniaxial Stretch of Coated Knit Fabric 

On application of stretch on gray-white (B) fabric specimen in the wale 

direction, the resistance response is shown in Figure 3.7b. The response is categorized 

into three different sections.  

Section I - At a little stretch (up to ~ 2 %) of fabric in the wale direction, loop 

leg yarn stretches and loop joint experience compression. Stretch in the yarn decreases 

the cross-section, increasing the fiber-to-fiber contact. Also, at the loop joint, 

compression increases the fiber-to-fiber contact. An increase in carbon nanotubes 

coated conductive fibers contact decreases the resistance. Stretching in the fibers 

increases the tunneling gap in carbon nanotubes, which causes an increase in 

resistance. Possibly at low stretch yarn loop joints contribute to a decrease in 

resistance; hence increase in overall fabric resistance is not prominent.  

Section II - at a stretch of 2 % to 15 %, loop leg yarn elongation and joint 

compression occur along with loop head separation. With the increase in extension, 

leg yarn increases the fiberôs stretch, increasing resistance due to the increased 

tunneling gap in carbon nanotubes. Loop head separation also increases the resistance 

due to disconnection. The steep increase in section II is likely due to a combined 

resistance increase due to yarn stretching and loop head separation. After an initial 

stretch of ~2 %, an increase in compression force at the loop joint does not decrease 

resistance significantly.  

Section III  ï Beyond 15% stretch, yarn stretches along with joint loop 

compression in loop legs. Also, due to Poisson contraction in the fabric, loops heads 

come in contact. Yarn stretching and joint compression overall effect are insignificant; 

however, new contact in loop heads creates new electrically conductive paths, and 

resistance decreases.  



 

 66 

3.4.7 Sensing Mechanism- High Sensitivity on Elbow/Knee 

When a stretchable knit fabric sensor is sewn into a compression sleeve where 

the coated fabric is directly over the elbow/knee joint, the electrical resistance change 

is substantially higher (~3000%) for the arm Knit fabric sensor to deform with the skin 

on flexion. The elbow joint's skin extends 35-40 % lengthwise and 15-22% 

circumferentially in arm flexion [29]. This deformation of skin makes CNT-coated 

fabric deform biaxially with flexion. On the biaxial stretch, the loop legs' length 

increases with the loop heads' separation. The combined effect is a very high 

resistance increase during flexion. 

3.5 Knit Fabric -Based Carbon Nanocomposite Flexible Sensor Application: 

Driving Manikin Hand Using Flexible Sensor on Hand  

The carbon nanocomposite knit fabric-based sensors are as flexible and 

breathable as uncoated fabric. The sensor captures human joint motion such as a 

finger, elbow, and knee [12]. Here we tested a system to drive the manikin hand using 

a carbon nanotube sensor on finger sleeves. A manikin hand is 3D printed, and a 

fishing line is connected to the fingers to move the fingers. These fishing lines are 

connected to servo motors (MG995). Finger sleeves are prepared with the same fabric; 

carbon nanotube-coated sensors are attached to these sleeves, Figure 3.13a.   All four 

sensors are different in size and prepared as per the finger size. These sensors cover 
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the two joints of the fingers.  

 

Figure 3.13: (a) 3D printed manikin hand with carbon nanotube sensor on finger 

sleeves, (b) Response of the index finger sensor for 90° and 180° motor 

rotation, (c) Average resistance change for each finger for 90° rotation 

with standard deviation, (d) Representative curve for percentage 

resistance change with time for 180° motor rotation and (e) Manikin 

handôs finger movement driven with nanotube sensor on the human hand. 
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The motor angle is controlled using an Arduino Uno board and Arduino code. 

A test is performed with one finger (index), and the motor is rotated 90° and 180° for 

multiple cycles. A larger rotation angle of the motor makes higher Index finger 

flexion. It shows a clear difference in response with angle variation of the motor with 

close to 300% resistance change for 90° motor rotation and ~ 900 % electrical 

resistance change for 180° rotation of the motor. The response is also repeatable for 

angle variation as well, Figure 3.13b. 

To verify the response and repeatability, all fingers are tested individually. The 

motor is rotated at a 90° angle, and the response is recorded for five cycles for all four 

fingers. The response for each finger is consistent for multiple cycles and repeatable. 

Average response of the sensor for each finger is listed in table 3.3 with standard 

deviation. The variability in the response is because every finger movement is 

different. 

Table 3.3. Resistance change (%) in the carbon nanotube sensor on the fingers while 

performing motor-controlled rotation. 

 Index Finger Middle Finger Ring Finger Pinky Finger 

Average 278.5 257.2 232.8 227.4 

Standard 

Deviation 
4.1 0.98 3.4 2.05 

 

Average resistance change for each finger is shown in Figure 3.13c. For all the 

four-fingers standard deviation of 0.15 % of the average resistance value. This shows 



 

 69 

that sensor response for individual finger is consistent with small variation. The 

difference in each sensor response is due to variation in the stretch of each individual 

sensor while bending of manikin finger. 

Figure 3.13d shows the resistance change of a single motor rotation from 0 to 

180°. In the single rotation initially, the resistance change is insignificant however 

increases drastically, followed by a decrease in the slope of the resistance increase. 

This behavior is like what is discussed in the sensing mechanism in the previous 

section. A very high resistance changes of ~900% is associated with the bidirectional 

stretch of the fabric on the joints of the finger with finger flexion. When fingers bend, 

the sensor on finger joints observes stretch inwale and weft direction and causes very 

high resistance change, like hand flexion, when the sensor is on the elbow [12].  

After confirming response and repeatability, the finger sleeve with a carbon 

nanotube sensor was used on hand, Figure 3.13e. Motors were driven with resistance 

as input from the sensor response. When resistance Increases with the finger 

movement, it drives the motor and makes the finger of the manikin hand move. This 

shows the applicability of carbon nanocomposite knit fabric-based sensors for human-

machine interaction/robotics. 

The repeatability of the knit fabric-based carbon nanotube sensor is essential to 

make these sensors useful in human health applications.  A test is performed with a 

screw-driven testing machine. The sensor is stretched 5 mm from a pre-stretched 

condition to maintain the stretch in the fabric while testing. The test is performed at a 

rate of 2.5 mm/s, and resistance is recorded for each cycle. The test is performed for 

1000 cycles in a batch of 50 cycles each. In data analysis, first two cycles of each 
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batch were ignored. The percentage resistance change is calculated and analyzed for 

different cycles set. 

 

 

Figure 3.14: (a) Resistance change (%) in each cycle, in the first 10 and last 10 cycles 

in a 1000 cycle test.  (b) Resistance change (%) with time for the first 

cycle and 991st cycle on the same scale and (c) Average resistance 

change for the 100 cycles in the test of 1000 cycles. 

As shown in Figure 3.14 a, the resistance change in the first ten cycles (cycles 

1-10) of the test and last ten cycles (Cycle 991-1000) of the test is consistent. There is 

no notable difference in the percentage change in resistance for 1000 cycles. In Figure 

3.14b, single cycle resistance change is plotted with time, for the 1st and 991st cycle, 
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the resistance change curves are overlapping and have numerically insignificant 

differences in their response. Average resistance changes for 100 cycles are plotted  

with standard deviation on error bar, Figure 3.14c. The average resistance change is 

consistent in all the set of 100 cycles in the test with very small deviation. For total 

1000 cycles average percentage change in resistance is 271.3 % with a standard 

deviation of 1.03. This test shows that sensor response is repeatable and consistent. 

However, this may not be true for all kinds of knit fabrics. With the change in fabric 

properties, the response and repeatability may change.  

 

3.6 Summary and Conclusion 

Knit fabric-based carbon nanocomposite sensor is ultra-sensitive and highly 

responsive when used on joints such as the elbow, knee, and fingers. High sensitivity 

is associated with the fabric's micromechanical deformation and the carbon nanotube 

tunneling gap. Elongation of carbon nanotube-composite coated fiber and yarn, fiber-

to-fiber contact, and yarn-to-yarn contact at the loop joint influence the electrical 

conductivity of the fabric during the strain application. Ultra-high resistance change 

on the elbow or finger joint is associated with the elongation of yarn in loop legs and 

heads and the separation of heads inwale and weft direction.  

Strain in each segment of the loop also depends on the constituent material of 

the yarn/fibers, the thickness of the yarn and friction between the yarns, etc.  The 

sensor response can be customized by creating knit fabric by altering these parameters. 

The sleeve fabric material influences the sensor's response because the sleeve and 

coated fabric material governs the sensor fabric's overall deformation. The 

repeatability and flexibility of these sensors make them an ideal candidate for usage in 
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smart garments. These sensors can be easily integrated with the garments and used for 

human-machine interaction, soft robotics, and future human health monitoring 

applications. A detailed investigation is required to verify the durability of these 

sensors for washing, heat, sweat etc. The sensor response depends on multiple 

parameters such as carbon nanotube processing parameters, knit fabric constituent 

material, material of sleeve, fabric areal weight, integration method of the sensor to 

garment etc.   
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FLEXIBLE CARBON NANOCOMPOSITE SENSOR RESPONSE 

VALIDATION USING KINARM ROBOT AND VIRTUAL REALITY -

BASED TASKS 

Carbon nanocomposite coating on knitted fabric deposited through direct 

hybridizations is very thin and porous. The thin nanocomposite film does not alter the 

fabric properties such as flexibility, drapability, and breathability. As discussed in 

Chapter 3, these sensors are piezoresistive and highly sensitive to strain/deformation 

when used at the elbow/knee to capture joint movement. Fabric-like properties and 

high sensitivity of these sensors make them good candidates to be used in providing 

for use with smart garments. These sensors must be repeatable and consistent in 

response to changes in the angle at the elbow/knee. This chapter discusses the 

experiments performed to validate carbon nanocomposite knit fabric sensors for their 

repeatability and ability to measure angle flexion.  

4.1 Introduction  

Physiotherapy is essential for the complete recovery of patients. However, a 

significant population must adhere to the prescribed exercise regimens. Lack of 

motivation and in-person visits to physiotherapy clinic make it difficult for patients to 

follow complete duration exercise procedure. With the advancement of virtual reality 

(VR), researchers have developed remote virtual rehabilitation systems with sensors 

such as IMU. Virtual physical therapy, commonly called telerehabilitation, is a remote 

medical service that enables patients to access physiotherapy sessions online or 

Chapter 4 
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through other digital channels. Virtual reality (VR) in physiotherapy provides patients 

with an immersive experience that can improve their motivation, engagement, and 

participation in rehabilitation exercises. Prior research has demonstrated promising 

outcomes when combining VR and physiotherapy for the upper and lower limbs, as 

well as the performance of general tasks [1].  

Any physiotherapy program, whether provided in person or remotely, requires 

feedback. Feedback can be given in virtual physiotherapy in various forms, including 

video conferencing, verbal and written feedback, and wearable devices. Wearable 

technology that can be used to monitor patients' development includes motion sensors, 

biofeedback gadgets, virtual reality headsets, and colorful clothes. Inertia/magnetic-

based sensors and other techniques are used for non-visual tracking [2]. IMUs (Inertial 

Measurement Units) are standard sensors for tracking human motion. In their research 

[3], Jovanov et al. created a body area network using motion sensors, SpO2, ECG, and 

tilt sensors to capture data through a network coordinator device and upload it over 

Bluetooth to the computer. Using motion sensors connected to various body parts, 

Fergus et al. created a wireless body sensors network and wirelessly collected 

acceleration data from these sensors [4]. Various sensors, including accelerometers, 

gyroscopes, heart rate monitors, temperature, pressure, ECG, stretch, moisture, etc., 

can be utilized in bright clothing. Since most of these sensors are metal, smoothly 

incorporating them with fabric is challenging. 

Commercial knit fabric-based carbon nanocomposite sensor is flexible and 

carries fabric-like properties that are ultra-sensitive when used on the elbow [5]. This 

ultra-high response is associated with the micromechanical deformation of the fabric 

when used on the elbow during flexion, as discussed in Chapter 3. A functional 
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garment with integrated wearable sensors can be used for real-time sensory feedback 

in VR-based therapeutic exercise and offers affordable remote rehabilitation to 

patients with progressive recovery tracking. Repeatability and accurate information 

prediction on the joint angle are critical for providing exercise feedback by these 

sensors. Uniaxial stretch and mechanically controlled elbow movement tests are 

performed to validate the sensor response while performing some typical hand 

movement. Two reaching tasks, similar to mechanically controlled testing, are 

developed in a virtual environment with visual tracking. The sensor preparation, 

characterization, and testing outcomes are discussed in this chapter.  

4.2 Characterization and Testing of Knit Fabric-Based Sensor  

Carbon nanotubes are directly deposited on the commercial knit fabric 

purchased from Joann Fabrics in this research. The fabric is tested in uniaxial 

elongation using Instron mini tester for stretching. The sensor is also tested with a 

compression sleeve using a mechanically controlled endpoint KinArm®, and later 

exercises are performed with virtual reality.  

4.2.1 Carbon Nanocomposite Processing, Specimen Preparation, and 

Compression Sleeve 

A dip coating process is used to coat carbon nanocomposite on commercial 

knit fabric that contains nylon, polyester, and spandex using commercial multi-walled 

carbon nanotube aqueous dispersion. Carbon nanotube-coated fabric was cut to 100 x 

25.4 mm to prepare the specimens for the axial stretch tests. A two-part conductive 

silver epoxy resin (EPOXIES® 40-3900, Epoxies, Etc., Cranston, RI) and conductive 

silver paint (Flash Dry, SPI Supplies, West Chester, PA) were then used to attach 

electrodes and lead wires to the specimens at 51 mm apart, as shown in Figure 4.1a. 
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To avoid any interference or shorting of the sensors inside the steel grips of the testing 

device, non-conductive glass fiber end tabs were also attached to the ends of the 

specimen.   

 

 

Figure 4.1: (a) Schematic of specimen for uniaxial testing in wale direction, (b) 

scanning electron micrograph of weft knit fabric with loop structure, and 

(c) schematic of a compression sleeve with sewed carbon nanotube 

sensor on the elbow. 

A scanning electron microscope image of the knit fabric is shown in Figure 

4.1b. Knit fabric has a looped structure, and fabric response is also influenced by knit 

fabric orientation and direction of stretch. In uniaxial testing, the fabric is stretched in 

the wale direction. While making the specimen, the wale direction is ensured in the 

length direction of the specimen. A tensile test was performed with precise 
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displacement control using an electromechanical test machine called Instron Micro 

Tester 5848 at a displacement rate of 0.05 mm/sec. A voltage-current meter, the 

Keithley 6430 sub-femtoampere remote source meter, is used to measure the electrical 

response. The electrodes are subjected to a constant source voltage, and the resulting 

current is monitored. To ensure accurate data collection, a customized LabVIEW 

program synchronizes the measurements of electrical resistance and extension. 

Strips of the carbon nanocomposite-coated knit fabric measuring 130 x 38 mm 

were sewed onto a compression sleeve created from a commercial knit fabric (82% 

nylon and 18% spandex) to test the response of the flexible sensor on the elbow. As 

seen in Figure 4.1c, the sensor is sewn with sleeves using a zigzag stitch pattern to 

prevent loading from threads when the compression sleeve is stretched during flexion. 

Silver electrodes are created 100 mm apart, and electrical wires are connected using 2-

part silver epoxy.  

4.2.2 Testing Protocol for Sensor Validation with KinArm®  

A flexible carbon nanotube sensor helps measure the angular movement of the 

knee/elbow during flexion and extension because the sensorôs resistance changes with 

the angle of the elbow/knee. Testing of this sensor in a controlled environment is 

required to validate the sensor response against the angle variation. We used an 

endpoint manipulandum (KINARM Endpoint Lab, BKIN Technologies, ON), which 

consisted of a robotic arm that allowed mechanically controlled hand motion in a 2-D 

horizontal plane. The robotic arm had a handle located at the end which participants 

grasped with their dominant hand.    

The resistance of the sensor varied with changes in elbow angle. Each task was 

developed to capture different paths/ profile of the movement of the hand. Participants 
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held the handle during the experiment, and the KinArm robot drove the handle along 

the assigned path. A minimum jerk trajectory was used to move the handle from a start 

position to an end position on the trajectory. For all the tasks created on the KinArm 

robot, it is assumed that the origin  is at the start point with a positive X axis towards 

the right and a positive Y axis towards the participant. The following four different 

tasks were created on the KinArm robot: 

 

 

Figure 4.2: (a) Constant amplitude straight line movement task for a displacement of 

30 cm in Y direction, (b) variable amplitude straight line movement task 

from 30 cm to 5 cm. 

A constant displacement straight-line motion task is created to validate the 

sensor repeatability under constant amplitude movement of the arm. As shown in 

Figure 4.2a, in this task, the arm handle is moved from the start point to the endpoint, 

separated by 300 mm. The change in elbow angle is measured for this motion using a 

digital protractor. 
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A variable amplitude straight-line motion task is created to validate the 

sensorôs response with the variation in the elbow angle. As shown in Figure 4.2b, the 

starting point (origin) was at a forward distance of 300 mm from the participant. 

Different endpoints, 6-1, were used at distances that increased in steps of 50 mm from 

the start point (indicated as blue dots). The maximum distance traveled from the start 

point to 6 in the straight-line motion is 300 mm, then decreases by 50 mm gradually as 

shown in Figure 4.2b. Five cycles were repeated for each amplitude, and a change in 

elbow angle was measured at each repetition, i.e., start point and 1 to 6.  

Two-dimensional movement in the diamond path task is created to capture 

the movement in two dimensions. Four in-plane points are created 1 (0,0), 2 (-

150,150), 3 (0,300), and 4 (150,150), as shown in Figure 4.3a. The objective is to keep 

a consistent movement of the hands in the +Y direction, 150 mm. The handle was 

guided to follow a straight-line path between the points (1, 2, 3, and 4) starting from 

point 1 in the anti-clockwise direction. The elbow angle was manually measured at 

these four points. While tracing the diamond path, the handle is stopped at points 2, 3, 

and 4 for 250 ms.   

Two-dimensional movement in a circular path is created such that the circle 

passes through the same 4 points created for the diamond path. However, the robot is 

guided to follow the circular part, starting from point 1 and passing through points 2, 

3, and 4 while completing the cycle, as shown in Figure 4.3b. The handle moves 

continuously without any hold on any intermediate point.  

It is essential to record the response of the sleeve along with the hand position. 

A voltage divider circuit with 47 kɋ reference resistor is used to record the sleeve 

resistance. An Arduino UNO board is used to apply a constant voltage of 5.012 V 
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throughout the task. The sleeve signal and position of the handle are recorded in sync 

at a frequency of 1000 Hz. 

 

 

Figure 4.3: (a) In-plane two-dimensional movement of the arm in diamond path with 

angle measured at four endpoints, (b) in the plane two-dimensional 

movement of the arm in a circular path with an angle measured at four 

endpoints. 

4.2.3 Testing of Carbon Nanotube Sensor with Virtual Reality  

The overarching goal of the carbon nanotube sensor is to provide feedback and 

assessment for upper extremity rehabilitation, such as a change in the elbow angles 

while performing the exercise using virtual reality (VR). The sensors are tested with 

therapeutic tasks to assess their effectiveness and usability in the VR environment. A 

Unity game engine (version 2021.3.10f1) created the virtual environment for upper 

extremity rehabilitation. We used the virtual reality toolkit (VRTK) for fundamental 

VR interactions and teleportation. The VR environment was developed to provide 

compatibility  with various VR headsets by using the Unity OpenX package. In this 
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test, we used HTC Vive Pro Eye VR headset, controllers, and its tracking components. 

Additionally, the 3D models of the living room and others from Sketchfab were 

modified and added to the virtual setting as shown in Figure 4.4a.  

 

 

Figure 4.4 (a) Virtual model of KinArm in a home family room setting created in 

VR environment, (b) in-plane two-dimensional movement of the hand 

following a diamond path, and (c) in-plane movement of the hand 

following a circular path. 
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The goal is to give patients, especially those with limited mobility, a training 

and engaging environment with feedback. A virtual model for the KinArm robot was 

designed to mimic it in the virtual environment. We attached an HTC Vive tracker to 

the mechanically controlled robotic arm to ensure movement position in the two-

dimensional plane. Thus, when the participant moves the robotic handle, the 

movement of the virtual KinArm is also simultaneously simulated.  

As shown in Figure 4.4b and c, two tasks are designed for the upper extremity 

exercise, diamond, and circle, similar to the KinArm task explained in the previous 

section. The testing protocol follows KinArm testing. However, the participant uses a 

VR headset and follows the paths, diamonds, and circles created in a virtual 

environment. This is to create a similar task as performed with a mechanically 

controlled KinArm robot. The participant is free to follow the path in his comfort way. 

The change in elbow angle is recorded at the intermediate points. Tasks are performed 

maintaining the in-plane positioning of the hand. Position data of the KinArm handle 

is recorded in sync with the sleeve signal.  

 

Figure 4.5 (a) Sensor response when tested for the uniaxial stretch in the wale 

direction for 10 %, 20 %, and 30 % strain levels and (b) resistance 

change against strain. 
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4.3 Validation of Sensor: Result and Discussion 

A knit fabric-based flexible sensor is highly responsive and sensitive when 

used on the elbow during flexion. The tunneling of carbon nanotubes governs typical 

carbon nanotube sensorsô response during the stretch. In the knit fabric flexible sensor, 

the response is governed by carbon nanotube tunneling and the fabric's 

micromechanical deformation of fibers and yarn during the stretch. In this section, we 

discuss the outcome of the test performed to validate the sensor.  

 

 

Figure 4.6 (a) Resistance change in the arm flexion from moving start point to end 

point with a total change in angle of 53° and (b) resistance response of 

sleeve in variable amplitude straight line motion with change in elbow 

angle. 
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4.3.1 Uniaxial Stretch in Wale Direction 

The carbon nanotube sensor is stretched uniaxially in the whale direction, and 

the electrical resistance change of the sensor is plotted with axial strain as shown in 

Figure 4.5a. For a 10 % strain in the wale direction, the resistance change is close to 

300% and is consistent for two consecutive cycles. With the increase in strain, the 

resistance change across the sensor also increases. However, this change is not linear 

with strain. The resistance change is plotted with strain, and nonlinearity in the 

response is noted, as shown in Figure 4.5b. Initially, the resistance change increases 

drastically and decreases after reaching a maximum.  

 

Figure 4.7 Response of the sensor in compression sleeve during elbow motion in (a) 

diamond path tracing, with a hold time of 250 ms at intermediate points 

2,3 and 4, (b) circular path tracing with no hold time.  
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The nonlinearity of the resistance response is associated with the nonlinear 

behavior of the knit fabric. In a typical weft knit fabric, as shown in Figure 4.1b, yarn 

travels in a weft direction and forms loops. On elongation in the wale direction, these 

loops get elongated, and resistance increases drastically even at low strain. At the 

initial stretch, yarns, and fiber elongate, increasing the resistance. At higher strain, 

fabric experiences transverse contraction in the weft direction, which creates new 

conductive paths, causing a decrease in resistance. 

4.3.2 Sensor Response on Mechanically Controlled Hand Movement   

The participant wears a compression sleeve with a carbon nanotube sensor on 

the elbow position, and tasks are performed. While performing the tasks, the 

participant holds the handle of the KinArm robot, and motion is mechanically 

controlled. This provides controlled movement of the hand to perform the task with no 

human error. 

The participant performs a constant displacement straight-line motion task 

by holding the handle with the left hand. As discussed in the experiment section, the 

positive Y axis is towards the participant considering start point as the origin. The 

sensorôs electrical resistance change is plotted in sync with the hand/ handle position 

in Y direction as shown in Figure 4.6a. The elbow angle change between the start and 

end points is 53o, and the response is repetitive for multiple cycles. In the uniaxial 

stretch, the resistance is higher than the elbow flexion motion. This is different from 

what was discussed in previous research [5], [6]. On further investigation, it is noticed 

that there is close to 40% increase in the sleeve resistance when the sleeve is worn on 

the arm, with arm fully extended. This is because the sensor experiences stretching in 

weft and wale direction when worn on the sleeve. Also, at the start point, the arm is 



 

 89 

not fully extended. We noticed resistance increase when the hand brings to the start 

point, because at the start point the arm is partially flexed. 

 

Figure 4.8 Response of the sensor in compression sleeve during elbow motion with 

virtual reality task (a) diamond path tracing, and (b) circular path tracing 

with a mistake.  

A variable amplitude straight-line motion task is performed with five 

repetitions of each amplitude type, starting from 300 mm displacement of the hand in 

positive Y direction from start point with a decrement of 50 mm. This task gives 
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variation in the response with change in angle of elbow. The change in electrical 

resistance of the sensor is plotted with hand position in Y direction as shown in Figure 

4.6b. The change in elbow angle is also shown in the Figure 4.6, encircled on every 

cycle type. Resistance decreases gradually as the amplitude decreases and so the 

change in elbow angle. For the same change in angle of elbow, the change in 

resistance is consistent and repeatable.  

Two-dimensional movement in the diamond path task is created to capture 

the in-plane motion of the hand. For all two dimensional in lane motion, start point is 

considered as origin with positive axis towards the participant and positive X axis 

from left to write in the plane of paper. Though the motion is in X Y plane and at 

every data point recorded, there is change in X and Y data. However, for convenience, 

the change in sensor resistance is plotted with hand position in Y direction as shown in 

Figure 4.7a. It is seen that resistance change in the diamond path tracing follows the 

hand position in Y direction with a maximum resistance change close to 180% for an 

elbow angle change 53°. This resistance change is like straight line task being similar 

change in angle. Also, at the hold of 25 ms on each intermediate point, resistance is 

also not changing. 

Two-dimensional movement in a circular path is traced by participant with 

a hold at the end of one cycle. The resistance change is plotted with the hand position 

in Y direction, Figure 4.7b. The maximum resistance change is close to 180%, similar 

to diamond tracing and straight-line tracing, for similar elbow angle change. We 

notice that the curve follows the displacement path and is a continuous curve.  In 

diamond path tracing, the KinArm accelerates and decelerates between two points, and 

there is a hold time of 25ms at intermediate points. However, in the circular path, the 
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KinArm handle accelerates and decelerates at the start and end of the cycle. This is 

why the displacement and response curves are smooth throughout the cycle.  

4.3.3 Sensor Response with VR, Tracing Profile by Participant  

In this task, two similar paths are traced, as with KinArm. The time to 

complete the task is up to the participant. In both tasks, a change in elbow angle is 

measured. The resistance change is recorded and plotted against the Y displacement 

position of the hand. In the X-direction hand movement, the change in the angle of the 

elbow is not significant. The result of the VR task is like the mechanically controlled 

hand movement. In diamond shape hand tracing, the resistance change is close to 

180% with an angle change of approximately 51° as shown in Figure 4.8a. The 

resistance change is in the same range because the change in angle of elbow is the 

same. Also, there is no hold time for any intermediate position. That way, the 

resistance curve is continuous. 

For circular path tracing, the change in resistance is lower than the 

mechanically controlled one. The difference is because of the different change in angle 

is noticed. This difference in the angle is because of the uncontrolled movement of the 

hand based on human judgment. During the hand movement, the participant made a 

mistake, which is captured by the sensor, as shown in Figure 4.8b.  

4.3.4 Calibration Curve and Response to Change in Angle 

Sensor response is repeatable to a similar change in the elbow angle, but the 

sensor response depends on factors such as carbon nanotube processing parameters, 

fabric constituent materials, and compression sleeve fabric. The arm sizes/elbows also 

vary from participant to participant.  Because the transverse constraint due to the arm 
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size plays a significant role in the overall sensor response, is essential to calibrate the 

sensor for each participant.  

 

Figure 4.9 Calibration curve, generated with participant sensor on the elbow with 

flexion at different angles and resistance change plotted against change in 

elbow angle during flexion, while performing tasks on KinArm and VR. 

Here we put the compression sleeve on the participantôs arm and flexed the 

arm with minor angle variations. The calibration curve is generated based on the angle 

and sensor response shown in Figure 4.9 for arm flexion. When all the data, resistance 

change with change in elbow angle, generated in KinArm and VR test plotted, all data 

points lie close to the curve. This shows that the calibration curve can lead to 

measuring the change in elbow angle based on the resistance change.  
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4.4 Conclusions and Future Work 

In this research, knit fabric-based carbon nanotube sensorôs response is 

validated for joint movement. The sensor response is consistent and repeatable in 

uniaxial testing.  When tested on the elbow in a compression sleeve, sensors show 

repeatability for multiple testing cycles and consistent response with angle irrespective 

of the method, i.e., mechanically controlled or VR tasks. Sensor response, resistance 

change with elbow angle change, fits well in the calibration curve generated with the 

participant. In the VR task, it is easy to understand if there are any mistakes while 

performing the task by looking at the sensor data. The sensor can capture flexion 

angles while performing VR games to improve participantsô hand movement.  

In the tasks performed in this research, all the motions are constrained in the 

plane. Further research is required to validate the sensor response in the three-

dimensional motion of the hand. Further investigation is required to evaluate the 

response by changing different parameters such as, sleeve fabric, fitness of 

compression sleeve and in combination some flexible sensors on the soldier, a 

complete motion response can be captured. 
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STRUCTURAL HEALTH MONITORING OF COMPOSITES/METALLIC 

PRESSURE VESSELS USING FABRIC-BASED CARBON 

NANOCOMPOSITE SENSORS  

Carbon nanocomposites deposited on commercial knit fabric are highly 

stretchable as base fabric and can measure the large strain. Non-woven aramid fabrics 

are nonconductive and non-stretchable. Carbon nanocomposite aramid fabric is 

piezoresistive and, with infused epoxy, can be used as a strain sensor for structural 

health monitoring applications. In this chapter, we discuss the systemic application 

development of this sensor to be used as a strain sensor for various loading on the 

pressure vessel.  

5.1 Introduction  

Composite Overwrapped Pressure Vessels (COPV) are used commercially for 

storing compressed gases, including hydrogen, in various applications, including 

automotive, aerospace, oil and gas, etc. Due to the increasing usage of hydrogen in 

automotive, towards a greener planet, there is increasing usage of the composite 

pressure vessel. Typically, COPVs are fabricated by wrapping composite fiber, 

carbon/glass/Kevlar around a metallic liner containing compressed gas. The non-

isotropic behavior of composite material makes it complex to inspect/predict the 

damage/assess the integrity of the material. Material defects, overpressure, impact or 

drop, and degradation with time are key factors for COPVôs failure - possibly causing 

Chapter 5 
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severe injury and damage to the surroundings. Timely information about the pressure 

vessel's damage/ structural strength degradation can save human life and cost.  

In the United States, local fire departments responded to an average of 125,000 

natural gas or LP-gas leaks per year that did not result in fires in or at home properties 

in 2012-2016. Leaks or breaks resulted in 20% of the fires and 54% of the deaths [1]. 

Ruptures and/or leaks can often result in serious injury or death to workers, high costs 

due to lost time, damage to equipment and infrastructure, and environmental costs [2] . 

For example, on March 23, 2005, a fire and explosion occurred at BPôs Texas City 

refinery, killing 15 workers, and injuring more than 170 others. According to a report 

issued after the accident, actions led to overfilling the raffinate splitter with liquid, 

overheating the liquid, and subsequent over-pressurization [3].  

Composite materials are complex and can begin to develop cracks towards 

catastrophic failure in various ways, such as matrix cracks, delamination in fiber plies, 

and fiber interface debonding. Timely information about any crack initiation can save 

human life and significant cost. Test methods such as hydrostatic testing, acoustic 

emission, and ultrasonic testing can provide periodic testing only which may be 

effective for some critical applications. There is a need for a system where structures 

can be monitored in real-time.  

Carbon nanotube sensors are extensively researched for structural health 

monitoring applications. Kang et al. [4] developed a carbon nanotube-polymer 

composite and tested as a continuous strain sensor. Alexopoulos et al. [5] glass fiber 

reinforced composites with embedded carbon nanotube fibers for sensing. Boehle et 

al. [6] grew carbon nanotubes on glass fiber using chemical vapor deposition and used 

them as strain sensors for structural health monitoring. Burton and coworkers [7]  
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developed a strain sensor by placing a carbon nanocomposite thin film on a flexible 

substrate for structural health monitoring. In our lab, carbon nanotube sensors are 

processed by deposition onto fabric [8], [9]. Carbon nanotube deposited on the non-

woven aramid fabric is tested in structural health monitoring applications [10]ï[12] 

Here we demonstrate the fabric-based hierarchical carbon nanotube composite 

to develop a system for real-time monitoring of pressure vessels. A sequence of lab 

tests is performed to understand the influence of processing parameters on the sensing 

response, followed by strain sensing functionality on the coupon of different materials 

ï metals and composites subjected to axial and flexural loading, impact, and crack. In 

composite pressure vessels, fiber orientation is critical and varies from one to another 

based on the constituent material, application, and pressure rating. The influence of 

fiber orientation on the sensing response is studied with the composite material of 

three different fiber orientations. Multiple carbon nanocomposite sensors are attached 

to commercial composite pressure vessels to detect the strain in the vessel in different 

sections when subjected to pressure.  

5.2 Processing of carbon nanotubes and Testing 

As discussed in Chapter 2, carbon nanotubes can be deposited on aramid 

fabric, either with dip coating or electrophoretic deposition.  In this work, the carbon 

nanotube sensor response is validated using both processes with some alteration in 

processing parameters. Based on the response, the optimum process parameter is 

selected. The carbon nanotube-coated fabric is tested sensing in tensile and flexural 

loading, impact, scratch, etc. Steel and composite cylinders are tested with multiple 

carbon nanotube sensors. The carrier fabric used for all sensors is a non-woven aramid 

fabric with an area density of 50 GSM (grams per square meter).  
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5.2.1 In situ Testing of Carbon Nanocomposite Sensor 

The gage factor is typically defined as the ratio of electrical resistance change 

to that of longitudinal strain applied. A higher gage factor implies a more sensitive 

specimen. Different processes and parameters for depositing carbon nanotubes on 

fabric can alter the sensorôs sensitivity. Carbon nanotube-coated sensors were 

fabricated using different processing techniques: 

(a) dip coating- using commercially available carbon nanotube sizing diluted with 

two parts of ultra-pure water and sonicated. The fabric is coated for 10 minutes 

on each side.  

(b) electrophoretic deposition (high concentration) - using 4 g/liter dispersion of 

functionalized carbon nanotubes, with 10 V direct current and total deposition 

time 40 min and  

(c)  electrophoretic deposition (low concentration) using 1 g/liter dispersion of 

functionalized nanotubes with 10 V direct current and 20 min deposition time.  

Table 5.1. Processing parameters for carbon nanotube deposition. 

Coating process Parameters 
Areal Weight of 

Deposition (g/m2) 

Dip Coating (Nanosyl) 
Diluted with 2 parts of 

ultrapure water 12.5 

EPD (High concentration) 4 g/l, 10 V, 40 min             52.8 

EPD (Low concentration) 1 g/l, 10 V, 20 min 6.8 
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Figure 5.1 (a) Steps to prepare the specimen for in situ sensing using different 

processing parameters and (b) schematic of the test specimen and a 

photograph of the experimental setup for tensile tests. 

Figure 5.1a shows the step-by-step procedure to manufacture the sensors 

before they were tested in tension to evaluate the sensing response and the gage factor 

(sensitivity). The coated fabric was infused with resin EPON 862 epoxy resin using 

vacuum-assisted resin transfer molding (VARTM). The specimen dimensions are 100 

x 25 mm (4 x 1 in). A strain gauge was attached to the specimen for strain 

measurement in the loading direction. Silver electrodes are created at 50 mm (Figure 

5.1b). Composite end tabs (green-colored) were bonded to prevent the sensor from 

getting crushed in the test frame grips and insulating it electrically from the metallic 

test frame. Figure 5.1b shows the schematic of the test specimen and a photograph of 
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the testing setup. Tensile testing was performed, and resistance change of the sensor 

was recorded with strain.  

 

Figure 5.2 (a) Schematic of the uniaxial tension test setup with CNT sensor on 

Aluminum substrate and (b) loading protocol of the specimen for flexural 

test. 

The test specimen's schematic diagram for the tensile and compressive 

response under 4-point flexure test is shown in Figure 5.2. It was decided to use a 4-

point flexure test rather than a 3-point one to ensure the sensor can function under 

consistent bending stress. Although the loading procedure is the same for tension and 

compression, the tension test sensor is at the bottom. Before the compression test, the 

bar is flipped so the sensor is on the top side. The specimens are loaded well below the 

yield point for the tensile and flexural testing.  
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5.2.2 Impact and Crack Damage Detection 

Improper handling of the tanks/pressure vessel can lead to cracking or failure 

due to impact. Early detection of cracks/damage is critical to structural health 

monitoring. Testing is performed to detect damage due to impact or crack in the 

composite panels.  

 

Figure 5.3 The process of attaching the carbon nanotube-coated fabric to the 

composite panel and schematic of the prepared specimen with four silver 

electrode pairs. 

Composite laminates are made using T700 carbon fiber and a vacuum infusion 

process using epoxy resin EPON 862 (curing agent Epikure W). The laminates are 

cured in an oven at 130 C for 6 hours. The specimen dimensions are chosen according 

to ASTM standard D7136 [13]. The composite panel is cut into sizes of 100 x 150 mm 

(4ò x 6ò). An insulation layer is prepared on the composite panel to provide insulation 

between carbon nanotube-coated fabric and conductive carbon fibers. Carbon 

nanotube-coated non-woven aramid fabric of size 50 x 100 mm (2ò x 4ò) is used as a 

sensor and attached with tape to the plate. The area outside the sandblasted region was 

covered with high-temperature tape, and the sensor is attached using epoxy resin. 
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Figure 5.3 shows the process to attach the carbon nanotube-coated fabric to the 

composite panel. Silver paint (SPI Flash-DryÊ silver conductive paint) is used to 

create the electrodes, and two-part silver epoxy (Epoxies, etc.) was used to connect 

electrical wires to the electrodes. Electrodes are numbered in pairs, as shown in Figure 

5.3. 

The specimen was impacted multiple times with different impact energy (5, 10, 

20J, 50 J) using an Instron Dynatup 9200 drop-weight tester, shown in Figure 5.4a. A 

12.5 mm hemispherical tup was used with a 44,482 N (10,000 lb) load cell. The 

specimen was clamped on all sides, and the tup was impacting at the center of the 

specimen. Energy levels are altered by changing the impact height and dead weights in 

the drop weight holder. The resistance across different electrode pairs (1-1, 2-2, 3-3, 4-

4) is recorded after each impact. 

  

 

Figure 5.4 (a) Low-velocity impact testing setup along with a photograph of the 

specimen in the fixture before testing and (b) specimen with a crack 

between 1-1 and 2-2 with  cut1, surface crack is not visible and cut2, 

deeper cut but not through the thickness of the sensor. 
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Figure 5.4b shows a specimen with a carbon nanocomposite sensor on a 

composite laminate, similar to the low-velocity impact experiments. A surface cut was 

created with a sharp blade. This surface cut was not easily visible to the naked eye. 

Next, a deeper cut was also made at the exact location with multiple blades passes. 

This cut was easily visible, but it was not cut through the thickness of the sensing 

layer. The resistance R1, R2, R3, and R4 were recorded across electrode pairs 1-1, 2-

2, 3-3, and 4-4, respectively. 

 

 

Figure 5.5 (a) Fiber orientation of unidirectional carbon composite specimen and (b) 

photograph of the test setup for the tensile test with wiring and strain 

gage on the carbon composite panel. 

5.2.3 Sensing Response with Change in Fiber Orientations 

Various fiber orientations are used in the different parts of a composite 

pressure vessel or package due to the expected loading on the structure. Unlike 
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metallic strain gauges, carbon nanotube sensors are sensitive to strains in all 

directions. As a result, it is critical to evaluate the sensing response for composites 

with varying strain ratios of longitudinal to transverse strain (which occurs due to 

varying fiber directions). 

The EPD-coated sensors were tested in tension when bonded to carbon fiber 

composites with 3 different fiber orientations of 0°, 45°, and 90° with the direction of 

loading. The unidirectional composite was manufactured using VARTM with twelve 

layers of T700 unidirectional carbon fiber (9 oz/sq yard) and epoxy EPON 862 (with 

EPIKURE Curing agent W). Figure 5.5b shows the specimen in the grip for the 

tension test. Testing is performed by a screw-driven load frame with a 250 kN load 

cell. The load levels are decided to maintain the elastic deformation so that strain is 

under 0.3% in the longitudinal direction. The carbon nanotube sensor is bonded on one 

surface, and the other has a commercial metallic bi-directional strain gage. 

 

 

Figure 5.6 Metallic pressure vessel with epoxy layer for insulation and hoop, axial 

direction carbon nanotube, and metallic strain gage and (b) test setup for 

pressure testing of metallic cylinder. 
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5.2.4 Composite Overwrapped and Metal Pressure Vessel Testing 

The primary objective of this study is to show proof of concept using a carbon 

nanocomposite sensor for live monitoring of cylindrical vessels. Two pressure vessels, 

composite overwrapped and metal, were procured and tested. 

As shown in Figure 5.6a, a uniform coating of epoxy adhesive was applied to 

create an electrically insulating layer to prevent the shorting of the sensor, similar to 

the aluminum specimen for the tensile test. Two carbon nanocomposite sensors are 

bonded ï R1 in the hoop direction and R2 in the axial direction. Similarly, two 

metallic strain gages, S1 and S2 are attached to the vessel in the hoop and axial 

direction. Figure 5.6b shows the test setup for testing the stainless-steel pressure vessel 

up to 300 psi. A manual lever connected to a valve was engaged to pressurize the 

cylinder. Multiple strokes of the lever were required to reach a pressure of 300 psi, 

which led to a ñstep-likeò pressurization of the specimen. 

 

  

Figure 5.7 (a) Preparation step of composite cylinder for pressure testing and 

location of carbon nanotube sensor and metallic strain gage with wires 

and (b) test setup for pressure testing of the composite cylinder, held 

vertically in the chamber. 
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Figure 5.7a shows the step in the preparation of the carbon fiber composite 

overwrapped pressure vessel and the orientations of the sensors and strain gages. 

Three nanocomposite sensors and three strain gages (1 bidirectional and two 

unidirectional) are bonded to the pressure vessel. For these pressure vessels, the 

middle cylindrical region is called a shell, and the end is called a head. Typically, the 

head has a thicker liner and a higher composite thickness. Additional reinforcement is 

provided in the region where the adaptor is connected for pressurization. Figure 5.7b 

shows the test setup for the composite overwrapped pressure vessel. The cylinder is 

hung in a safety chamber vertically, and water pressure is applied through the water 

inlet valve. The cylinder is tested up to 6.89 kPa (7000 psi). A pressure relief valve is 

used to release water pressure. In this setup, pressure is applied in steps. 

 

 

(a)                             (b)                                      (c) 

Figure 5.8 Scanning electron micrograph carbon nanotube coated aramid fabric, at 

low magnification, 100 X, CNT coating is visible on fibers and fibers 

mesh and carbon nanotubes are visible at higher magnification, 50000X, 

on fiberôs surface (a) dip coated (commercial sizing), (b) EPD coated 4 

g/l and (c) EPD coated 1 g/l. 
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5.3 Results and Discussion 

In this study, carbon nanotubes are deposited in two different ways, 

electrophoretic deposition, and dip coating. Figure 5.8 shows the scanning electron 

micrograph of different types of sensors. Since the base fabric is non-woven aramid, 

fibers are randomly oriented as visible in lower magnification pictures. Web-like 

structure includes the binding agent between fibers. The dip-coated fabric has carbon 

nanotube coating within the aramid fibers and the space in between, Figure 5.8a. 

Randomly oriented carbon nanotubes are visible at high magnification on the fiber's 

surface.   

Two different parameters are used to control the deposition on aramid fabric. 

As discussed in Table 5.1, 4 g/l is used to deposit for 40 min, and 1 gram/l dispersion 

is used for 20 min. The deposition is 52 .8 g/m2 and 6.8 g/m2, respectively. This shows 

that carbon nanotube deposition through electrophoretic deposition is linearly 

dependent on parameters such as deposition time and solution concentration. The 

functionalized carbon nanotubes are deposited on the fibers and space in between. In 

electrophoretic deposition, the nanocomposite film grows from fibers occupying space 

in the fiber. The film grows almost all the gaps with the high-concentration solution, 

Figure 5.8b. Low concentration EPD sensor has more porosity compared to high 

concentration, as the film grows across more fibers.  
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Figure 5.9 Resistance change (%) vs strain (%) to compare the sensitivity of sensor 

made using different techniques/ parameters - dip coating using 

commercially available sizing , electrophoretic deposition  with CNT 

concentration 1 gram /liter (low concentration) and electrophoretic 

deposition with CNT concentration 4 gram/liter (high concentration). 

The electromechanical sensing response for sensors made using different 

processing techniques/parameters is shown in Figure 5.9. The slope of the resistance 

change vs. strain graph represents the sensorsô gauge factor, or the sensitivity. 

Sensitivity depends on various factors such as the concentration of nanomaterials, 

carrier fabric, polymers/surfactants used, carbon nanotubes, or the functionalizing 

agent. The gauge factor for the dip coating sensor is 1.9 ± 0.3. This is comparable to 

metallic strain gauges typically used. The gage factor for EPD low-concentration is 

6.3 ± 0.5, and for the EPD-high concentration is 4.2 ± 0.6. The baseline resistance (no 

load) for the low-concentration EPD sensors is ~ 107 ɋ, and the baseline resistance 

for the high-concentration EPD sensors is ~103 ɋ. The higher sensitivity for lower 

concentrations of carbon nanotubes is because the change in electrical resistance 

depends more on the percolation network and the critical conductive path. It has been 
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previously reported in the literature [14] that decreasing the concentration of 

conductive particles will increase the sensitivity. However, it also leads to more noise 

in the sensing response and nonlinearity. Additionally, it could lead to remarkably 

high resistance values, which could become difficult to measure without specialized 

equipment. The areal weight of deposition using EPD is much higher than dip coating, 

and the sensitivity of EPD sensors is higher due to the PEI (used for functionalizing 

carbon nanotubes) providing a larger CNT-CNT tunneling resistance. In this research, 

all the sensors are prepared with high concentration EPD process with parameters 

mentioned in Table 1.   

 

 

Figure 5.10  Response of the carbon nanotube sensor and metallic strain gage  to 

axial load attached to the aluminum bar (a) resistance change (%) vs. 

strain (%) and (b) resistance change (%), strain (%) and load (kN) Vs. 

time.   

From the three different types of sensors tested in this task, it was decided to 

use EPD high-concentration sensors for all the tasks moving forward. The key reasons 

for this decision were the higher sensitivity of EPD over dip coating sensors and better 
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linearity when compared to low-concentration EPD sensors. Most importantly, since 

the EPD low-concentration sensors have a baseline resistance > 106, measuring the 

resistance using commercially available equipment would be challenging. Using 

highly specialized equipment for each cylinder would make the technology cost 

prohibitive. 

 

Figure 5.11 Carbon nanotube sensor response for flexural loading (a) resistance 

change (%) vs. strain (%) for compression and tenson, (b) cyclic loading 

response, resistance change (%), strain (%) and load (N) vs. time (s) for 

compression and (c) cyclic loading in tension. 
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5.3.1 Axial and Flexural Loading Response 

Axial and flexural loading tests are performed with bonding carbon nanotube 

sensor with Aluminum substrate. Loading is applied to similar strain levels and within 

the elastic limit of the aluminum material. Figure 5.10 shows the resistance change vs. 

strain for the axially loaded specimen in tension. The resistance response has slight 

non-linearity but is repeatable. The gage factor for the sensor bonded to aluminum is 

less than the gauge factor when the sensor is tested without bonding to a substrate 

(Figure 2). This may be due to the different Poisson ratios of the epoxy composite 

relative to that of the aluminum and the constraints on the sensor due to being bonded 

to the aluminum. Figure 5.10 b shows the load, strain, and resistance change response 

as a function of time for specimens tested with progressively increasing cyclic loads 

but limited to the elastic loading range to a strain of less than 0.4%. The strain 

response from the strain gauge and the resistance response from the carbon 

nanocomposite sensor show a good correlation with the applied load. Since the applied 

strain is within the elastic limit, there is no permanent change in resistance at the end 

of each cycle.  

Figure 5.11a shows the resistance change and strain response during tensile 

and compressive flexural tests. During tensile tests, an increase in resistance is 

observed. This occurs due to an increased tunneling gap between adjacent carbon 

nanotube pairs. Increasing tensile strain could also reduce contact points between 

carbon nanotubes, leading to an increase in resistance. In flexural compression tests, 

an opposite phenomenon occurs- a decrease in tunneling gaps and an increase in 

contact points - leading to an overall decrease in electrical resistance. The change in 

resistance is proportional to the applied strain for both cases ï tension and 

compression. The sensing response is quite similar, but opposite in nature. The 
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linearity and gage factors in each case are comparable. It is noted that these gage 

factors are like the axial tests performed on aluminum bars. 

Like axial tests, the strain and resistance change correlates well with the 

increasing cyclic load in tension and compression, as shown in Figure 5.11b and c. 

indicating that carbon nanotube-based piezoresistive sensors can measure strain on a 

pressure vessel. This validates the capability of these sensors to detect different types 

of loading conditions and resulting strains. This shows that sensitivity is independent 

of the type of load applied. 

5.3.2 Sensor Response to Impact and Cracks  

Carbon nanotube sensor is responsive to strain in compression and tension. In 

the event of impact, there is no significant change in the overall strain of the sensor. 

The damage is local, usually not captured in visual inspection. The carbon fiber 

composite specimen with a carbon nanotube sensor is impacted with progressively 

increasing energy. Resistance across the electrode pair 1-1, 2-2, 3-3, and 4-4 is 

measured and represented as R1, R2, R3, and R4 for impact and crack testing 

specimens. 

The impact test is performed by selecting different weights from different 

heights to make the impact with progressively increasing energy. The impact is 

performed with all four-side clamped at the center of the specimen, as shown in Figure 

5.12a, location 1 (between electrode pair 1-1 and 3-3). Resistance is recorded across 

the electrode pairs after each impact. Change in electrical resistance is plotted with 

each impact energy, as shown in Figure 5.12b.  
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Figure 5.12 (a) Specimen for the impact loading response with impact location, 1- 

central and 2- offset , (b) resistance change (%) for the central impact, at 

location 1,  with increasing energy for a pair of electrode and (c) 

resistance change (%) for the offset impact, at location 2, with increasing 

energy of impact.  

The impact occurs at the center of the specimen, and hence the maximum 

resistance change is expected across R3 and R1. After the impact of 20J energy, the 

damage was not visible, but a 7% change in resistance was observed for R3 and ~5% 

in R1, R2, and R4. After the impact of 60J, damage on the specimen is visible, and a 

high resistance change of ~ 45% is measured for electrode pair R3. The resistance 
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increase across all other electrode pairs is significantly lower than R3. That is likely 

because the path is shorter between the electrode pair 3-3, and the damage is more 

compared to all other electrode pair due to the impact. It shows the potential to detect 

damage and identify the location of the impact damage. The impact at the center also 

influenced the resistance across other electrode pairs and a change in resistance close 

to 10 % was noticed. 

 

Figure 5.13 Change in resistance across the different electrode pairs due to crack with 

cut 1- surface crack and cut-2 deeper cut but not through thickness of the 

sensor. 

Another test is performed by impacting at the offset location to study the 

influence of the impact in nearby location in the location. Impact is performed at an 

offset location, as shown in Figure 5.12, location2, between electrode pair 1-1 and 4-4. 

In this test, maximum resistance changes are expected across R4 and R1. After the 

impact of 20 J energy, there was no visible damage. Up to 30 J energy, there is no 

significant change in the electrical resistance except for R4. At a higher energy impact 

of 50J, close to a 30 % resistance increase is observed in R4, and a ~ 10 % resistance 
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increase is observed in R1. There is negligible change in R3, and no change in R2 was 

observed at the higher energy.     

In addition to impact damage, cracks can also be detected with a carbon 

nanotube sensor. Figure 5.13 shows a specimen with a carbon nanocomposite sensor 

on a composite laminate, like the low-velocity impact experiments. A surface cut was 

created with a sharp blade, cut 1: surface cut was not easily visible to the naked eye 

and cut 2: a deeper cut was also made at the same location with multiple passes of the 

blade, but it was not a cut through the thickness of the sensing layer. The resistance 

R1, R2, R3, and R4 were recorded across electrode pairs and the percentage change in 

resistance was plotted for cuts 1 and 2, Figure 5.13. Since the crack was made near 

electrode pair 2-2 and directly in the path of electrode pair 1, a higher change in 

resistance was observed for R1 and R2 electrodes as compared to R3 and R4. For the 

deeper cur, slight influence is observed at far distance-R3 and R4. 

Carbon nanocomposite sensing skin is capable of detecting damage due to 

impact. The influence on the sensorôs resistance due to impact and crack is local. with 

multiple electrode systems, the location of the crack/impact can be detected. 

5.3.3 Influence of Fiber Orientation on Sensing Response 

Various fiber orientations are used in the different parts in a composite 

overwrapped pressure vessel or package due to the expected loading on the structure. 

Unlike metallic strain gauges, carbon nanotube sensors are sensitive to strains in all 

directions. As a result, it is critical to evaluate the sensing response for composites 

with varying strain in longitudinal (loading) and transverse directions. The carbon 

nanocomposite sensing skin is attached to three unidirectional carbon fiber composite 

types with fiber orientation of 0o, 45o, and 90o from the tensile loading direction. 
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Based on the strain measured by metallic strain gauge in longitudinal (loading) and 

transverse direction.  a term strain ratio is considered, as given in the equation 5.1:  

 

ὛὸὶὥὭὲ ὙὥὸὭέ ὛὙ
  

 
                                        (5.1) 

 

 

Figure 5.14 (a) Electrical resistance change in the carbon nanocomposite sensor with 

applied strain for 0°, 45° and 90° fiber orientation with loading direction, 

and resistance change (%), longitudinal strain (%), transverse strain (%) 

load (N) vs. time (s) for cyclic loading for (b) 0° and (c) 90° fiber 

orientation. 
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Figure 5.14a, shows the resistance change with the strain in the loading 

direction for 0 , 90 , and 45  carbon fiber composite specimens. The gauge factor and 

strain ratio measured for each specimen is 0  specimen: 1.65 and - 0.35, 90  specimen: 

2.05, -0.03 and 45  specimen: 1.76 and -0.31. The carbon nanotube sensor on the 

composite with 90  fiber orientation shows a maximum gauge factor of 2.05, and 0o 

shows the smallest gauge factor of 1.65. The gage factor is proportional to the strain 

ratio i.e., higher the strain ratios, result in a higher gauge factor. 

Tensile strain in the loading direction causes the carbon nanotube sensor to 

elongate, which increases the sensor's electrical resistance. The transverse contraction 

of the sensor makes the sensor contract in the transverse direction, which causes a 

decrease in the sensor's electrical resistance, and the total measured change electrical 

in resistance is an effect of longitudinal and transverse changes. The contraction in the 

transverse direction is minuscule in the 90° specimen due to a large strain ratio (0.03) 

and higher in the 0° specimen due to the lowest strain ratio of -0.35. Since the 

longitudinal strain levels are almost equal in each case, the difference in sensing 

response is due to the resistance change in the transverse direction. Therefore, if the 

strain ratio of the composite is known, a calibration curve can be used to correlate the 

change in resistance to strain levels. Strain ratio is a property of fiber orientation and 

can be calculated mathematically. 

Since 0  and 90  specimens showed the lowest and highest strain ratio, 

respectively, they were also subjected to cyclic loading. Electrical resistance and 

longitudinal and transverse strain were recorded and plotted with load, as shown in 

Figures 5.14 b and c. The bi-directional strain response from the strain gauge and 
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resistance response from the carbon nanotube sensor indicate a good correlation with 

the applied load irrespective of the composite's fiber orientation or strain ratio. 

As discussed previously, the transverse strain (the dashed blue line) magnitude 

was higher for the 0  specimen than the 90  specimen due to the higher resistance to 

transverse contraction by fibers. Unidirectional composite displayed the highest 

stiffness in the fiber direction. Based on the stiffness of the composite specimen in the 

loading direction, incremental cyclic loads were applied with a maximum strain of 

0.3%. As a result of the fiber directions, the loads required to reach similar strain 

levels for the 0  specimen were an order of magnitude higher due to the higher 

stiffness. The change in resistance is like the monotonic tests reported earlier in Figure 

5.14a.  

 

Figure 5.15 Response of the carbon nanocomposite sensor applied to steel pressure 

vessel in axial and hoop direction. 

Carbon nanocomposite sensors, unlike traditional metallic strain gages, are not 

directional. They are sensitive to strain in all directions. While this can be a potential 
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advantage, it also makes the calibration more challenging. The research tasks 

completed here provide a fundamental understanding of the sensing response.  

5.3.4 Metallic and Composite Pressure Vessel Testing:  

This study aims to show proof of the concept of using carbon nanocomposite 

sensor for monitoring cylindrical pressure vessels. As discussed in the experimental 

section, two carbon nanocomposite sensors, R1- in hoop direction and R2 in axial 

direction, are bonded to the pressure vessel. Two commercial metallic strain gauges- 

S1and S2 are attached in hoop and axial direction.  Steel pressure vessel tested up to 

300 psi.  The load is applied using a manual lever, and multiple strokes are required to 

reach the required load, leading to a ñstep-likeò response during the pressurization. 

Sensor response also has steps like response accordingly as shown in Figure 5.15.  

On the pressure application of 2.07 MPa (300 psi), strain measures in metallic strain 

gauges are 0.102 and 0.036 in the hoop and axial direction, respectively. And the 

resistance response in both sensors is similar because carbon nanocomposite sensors 

are not directional like metallic strain gauges. Due to the internal pressure, the carbon 

nanotube sensor elongates in both hoop and axial directions, and resistance increases 

in both sensors. The gauge factor in the direction of the hoop direction is ~3 times of 

axial direction. 

Composite overwrapped pressure vessel has carbon nanocomposite sensors at 

three different locations, R1- the center of the shell (hoop direction), R2- at the joint of 

head and shell near the inlet valve (axial direction), and R3- at the joint of head and 

shell near the close end (hoop direction). As shown in Figure 5.16a metallic strain 

gauges are used to measure the strain on the cylinder at different locations, as given 

below: 
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S1 Hoop ï strain at the center of the shell in the hoop direction   

S1 Axial ï strain at the center of the shell in the axial direction 

S2 Joint ï strain at the joint of the head/shell along the length of CNT sensor R2 

S3, Head, Hoop ï strain near the CNT sensor R3 in hoop direction, on head side 

S3, Shell, Hoop ï strain near the CNT sensor R3 in hoop direction, on shell side 

On the application of 48.26 MPa (7000 psi) pressure, the resistance change in 

R1 is ~1.6% and for R2 and R3 is ~ 2%. Resistance change depends on strain in 

longitudinal (loading) and transverse direction. For the sensor R1, the sensor 

experiences the 0.29 % strain in hoop direction and 0.098 % in axial direction which 

make resistance change of the sensor by 1.6 % The gauge factor for R1 is 4.8 for the 

strain in hoop direction, Figure 5.16b.  

Sensor R2 is attached to the junction of the head/shell section for the pressure 

vessel. The sensor has a half-length on the shell section and half-length on the head 

section. The longitudinal strain was measured at the joint, which is approximately 

0.124 % along the direction of the length of the CNT sensor. This gives the gauge 

factor of ~ 15.  Sensor R3, is half on the shell section and half on the head on the rear 

of the cylinder and the length of the sensor is along the hoop direction. Both the sides 

of CNT sensor strain are recorded in hoop direction along with the resistance. When 

we plot the resistance change (%) with strain S3, Head, Hoop (%), the gauge factor is 

approximately 15.0, Figure 5.16d. When the resistance change is plotted against the 

stain on the shell section, the gauge factor is 5.0, Figure 2.16e. We observe two gauge 

factors for the same sensor based on the different strain values across the joint's 

head/shell region.  
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Figure 5.16 (a) Carbon nanocomposite sensor and metallic strain gauge location and 

orientation on composite overwrapped pressure vessel, b) resistance 

change (%) vs.  strain (%) in hoop direction at the middle of pressure 

vessel for sensor R1, (c) resistance change (%) vs. joint strain (%) in 

axial direction, at the joint towards the nozzle of cylinder for sensor R2 

and (d) resistance change (%) vs.  strain (%) in hoop direction at the head 

side of the cylinder for sensor R3 and (e) resistance change (%) vs. strain 

(%) in hoop direction at the shell side of the cylinder for sensor R3. 
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The gauge factor depends on the change in the electrical resistance values 

during load application and strain values in the loading direction. When the sensor is 

attached to a joint, where two different composite layups/thicknesses are present 

across the boundary, obtaining a single gauge factor is difficult because strain in 

loading direction differs for different cross sections/layups, it is interesting to note that 

these carbon nanotube sensors respond nicely to any change in strain.  

5.4 Conclusions 

Non-woven aramid-based carbon nanotube sensor is capable of sensing strain 

due to different loading types for various substrates. Sensors manufactured with direct 

hybridization of carbon nanotubes using electrophoretic deposition shows higher in-

situ sensing response than dip coated. Low deposition of carbon nanotubes gives a 

higher gauge factor, but very high base resistance (~106 Ý) gives challenges in 

electrical resistance measurement in the field.   

Carbon nanocomposite sensor shows a similar gauge factor in tension and 

compression when attached to a metallic substrate. The sensing response is governed 

by strain in the loading and transverse directions. When attached to the composite, the 

sensor response varies with fiber orientation for the same tensile strain because of the 

strain variation in the transverse direction for the same longitudinal strain. 

Impact and crack testing results show that resistance change in the sensor is 

localized where damage occurs. The influence of the damage diminishes as we move 

away from the damage. This property can help us to detect the location of the 

damage/defect in the pressure vessel/component using multi-node measurement or 

electrical impedance tomography [15].  
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Testing on the pressure vessel, it shows higher gauge factor for the shell region 

because the sensor has positive strain in longitudinal and transverse direction on 

pressure application. Pressure vessels observe a variety of loading during operation/ 

handling, such as over-pressurization, impact, drop/fall, scratch etc. An array of 

carbon nanotube sensors with multi-node resistance measurements can be used to 

detect any defect/damage due to impact/fall/inappropriate operations. Further study is 

required to optimize the sensorôs aspect ratio and carbon nanotube deposition 

processing parameters for a high gauge factor.        
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TOWARDS REAL -TIME STRUCTURAL HEALTH MONITORING OF 

THE PIPELINE USING FABRIC BASED CARBON NANOCOMPOSITE 

STRAIN SENSOR   

Carbon nanocomposite-coated nonwoven aramid fabric is piezoresistive and 

highly sensitive to strain. As discussed in Chapter 5, carbon nanotube-coated fabrics 

can monitor the health of the pressure vessel in operation. This sensor has the potential 

to be used in structural health monitoring for a variety of structures. In this research, 

we discuss the possibility of these carbon nanotube sensors to monitor pipelines in 

remote locations.    

6.1 Introduction and Motivation  

Structural health monitoring (SHM) techniques have been increasingly studied 

in academics and applied in industries to improve the safety and reliability of 

structural components, such as aircraft, bridges, pipelines, and critical buildings. 

Thanks to the structural monitoring field developments, structures are now getting 

safer with informed decisions made by owners/technicians to avoid accidents/failures 

of structures. Most structural health monitoring systems employ accelerometers, 

metallic strain gauges, and displacement sensors. This sensor has limited area 

coverage and may not capture the localized damage in critical regions. A possible 

solution is a distributed sensor covering a more extensive area.  

Pipelines are the safest and most cost-effective way to transport natural gas and 

hazardous liquid products. In 2011, DOT (US Department of Transport) and PHMSA 

Chapter 6 
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(Pipeline and Hazardous Material Safety Administration) issued a call of action for 

repairing/ replacement of high-risk pipelines following major natural gas pipeline 

accidents. As per the data from PHMSA, close to 50% of serious pipeline incidents are 

associated with incorrect operations. Real-time pipeline monitoring can help reduce 

the possibility of incidents/failures.  

Pipelines are primarily loaded with the internal pressure of the fluid flowing. 

Improper system operation can lead to overloading of the pipeline in critical regions. 

As discussed in the review article by Adegboye et al., 40 % of pipeline failures are 

due to external factors and human negligence [1]. Researchers propose multiple 

methods to detect pipeline failure, such as acoustic emission, fiber optic sensors, 

ground penetration radar, negative pressure wave, pressure point analysis, dynamic 

modeling, etc. Wong et al. [2] devised a distributed optical fiber sensor to evaluate its 

status using these transient hydraulic pressures along the pipeline. This technique was 

created in the lab to monitor a pipeline with a tiny diameter during transient pressure 

occurrences. This technology does not permit real-time monitoring, and the study was 

not expanded to include large-diameter pipes or environments outside of laboratories. 

Inaudi and Glisic discussed a strain-sensing tape consisting of optical fiber in 

composite [3]. The method discussed could measure axial strain but not capture all 

kinds of deformations. Stoianov et al. [4] created the wireless PipeNet system to 

identify and locate leaks and breakdowns in water transmission pipes. This system 

records data on hydraulic pressure, water quality (such as pH), and sound and 

vibration over an extended period (close to real-time). An algorithm was created to 

cross-correlate and evaluate data at the gateway/server level to find leaks and forecast 
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the detection of online bursts. While this technology can locate leaks and high 

pressures in the pipe, it cannot determine their effects. 

Real-time monitoring of critical locations is essential to prevent pipeline 

damage, which may lead to catastrophic failure. In this chapter, we discuss the 

application of the carbon nanotube sensor to measure deformation in the pipeline due 

to axial compression, bending, or torsion. Fabric-based carbon nanotube strip sensors 

of different sizes and orientations are attached to the PVC piece and tested for their 

loads. We also introduce a carbon nanotube-coated fabric patch sensor that covers the 

circumference of the pipe. A single patch sensor can measure the strain in the pipe due 

to axial compression, bending, and torsion. Multiple tests are performed and discussed 

to determine the sensor behavior to pipe loads. A data acquisition system, which can 

be used in remote locations to record the data from sensors in real-time, is also being 

discussed.  

6.2 Sensor Preparation and Testing 

In this research, a non-woven aramid fabric is coated with carbon nanotubes 

using Dip Coating using commercial Aquacyl, as explained in Chapter 2. Polyvinyl 

chloride (PVC) water pipes with an internal diameter of 80 mm and an average wall 

thickness of 2.5 mm were selected. Two different types of sensors are tested in this 

research.  

6.2.1 STRIP Sensor Testing 

Carbon nanotube-coated fabric is cut into 12.5 mm (0.5 in) wide in size to 

make a strip sensor. For testing in different configurations, different sizes in length are 

selected. Three tests are performed at the pipe, axial compression, four-point bending, 
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and torsion. For the four-point bending test, 62.5 mm and 255 mm long sensors are 

used on the top and bottom sides of the pipe, respectively. 172 mm and 178 mm long 

strip sensors are used for axial compression and torsion, respectively.  

The sensing patch was impregnated with Hysol EA9309 epoxy adhesive, 

which acts as the polymer matrix and the adhesive to bond to the pipe surface. The 

sensor is installed using vacuum bagging. The resin-absorbed sensing strip was then 

firmly attached to the pipe and covered with the peel ply. A layer of breather cloth is 

wrapped on the top of the peel ply to apply a uniform vacuum and remove the excess 

epoxy. A vacuum bag encapsulated the part and connected it with a vacuum pump. 

The part is cured at 50oC for 6 hours with the full vacuum pressure constantly applied. 

In all strip sensors, at the end of the coated fabric, electrodes were created with 

conductive silver paint (Flash Dry, SPI Supplies), and electrical wires were connected 

using two-part conductive silver epoxy (EPOXIES® 40-3900, Epoxies, Etc.). 

An axial compression test was performed using Instron. The pipe is kept 

vertical and loaded in compression, as shown in Figure 6.1a. A commercial bi-

directional metallic strain gauge is also attached to the pipe to measure the strain in the 

pipe while testing.  

Two carbon nanotube sensors strip are attached to the top and bottom sides of 

the PVC pipe using the vacuum bagging method for a four-point bending test.  

Sensors 62.5 mm and 254 mm are attached to the top and bottom sides, respectively. 

The four-point bending test setup was arranged as shown in Figure 6.1b with a 152.5 

mm central loading span and a 457.2 mm clear span. The sample was tested for 

multiple cycles, and resistance across the carbon nanotube sensor strips was recorded. 

PVC pipe is deformed elastically with compression in the top side sensor and tension 
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in the bottom side carbon nanotube strip. Real-time resistive responses correlate with 

elastic deformation of the pipe. 

 

 

Figure 6.1 Testing setup and schematic with sensing strip (a) axial compression, 

with a single strip along the length direction, (b) four-point bending with 

two sensing strips on the top and bottom side, and (c) torsion testing 

setup with spiral strip sensor. 
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For the torsion testing, a sensor of length 178 mm is attached in the spiral 

direction, as shown in Figure 6.1c. The sensor is attached such that load in torsional 

give axial loading to the strip sensor. A ±45o strain rosette measures the strain in the 

torsional loading. Two T-connectors are connected to the PVC pipe to constrain the 

pipe and apply torsion. One end of the pipe is constrained in Instron with a load of 

350N in compression; on the other hand, the pipe is rotated manually to apply positive 

and negative twists, as shown in Figure 6.1c. Strain in ±45o rosette and resistance of 

the strip sensor is recorded with the twisting performed manually. 

6.2.2 PATCH Sensor Testing 

Three strip sensors are required to measure the pipe's axial deformation, 

bending, and torsion. The single patch sensor is used to measure pipe deformations in 

this testing. A single patch sensor with multiple electrodes can replace multiple strip 

sensors with different sensing patterns. 

Carbon nanotube-coated fabric with dip coating is cut into 153 mm x 255 mm 

(6 in x 10 in). Silver electrodes are created, nine electrodes on each longer edge and 

one electrode on the shorter edge, as shown in Figure 6.2a. The carbon nanotube-

coated patch is impregnated with room temperature curing/ epoxy mix acting as a 

polymer matrix in the composite sensor and the adhesive for bonding the sensing 

patch with the pipe surface. This patch sensor is attached to the pipe using vacuum 

bagging. The resin-absorbed sensing patch is firmly wrapped around the pipe and 

covered with the peel ply. A breather cloth is wrapped on the peel ply to remove 

excessive resin. A plastic bag is used to encapsulate the part and connected with a 

vacuum pump. The part is cured at room temperature for 24 hours with the vacuum 

pressure constantly applied, as shown in Figure 6.2b. After the patch is attached to the 
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pipe, lead wires are anchored to the electrodes using two-part conductive silver epoxy, 

as shown in Figure 6.2c. The electrodes are numbered from E1-E20, as shown in 

Figure 6.2d. The sensing patch is attached, so there is a 10-12 mm gap between 

electrodes 19 and 20.  

In the patch sensor, different sensing patterns give different directional 

measurement for strain. As shown in Figure 6.3a, a pair of electrodes along the axial 

direction gives the axial direction sensing pattern. Electrode pairs, such as E1-E10, 

E9-E18, etc., are used to measure the sensor response in the axial direction. To 

calculate the pipe's bending response, the axial direction sensor on the top and bottom 

sides, such as E3-E12 and E7-E16, are paired to measure the bending effect.  To 

calculate the response in the torsion, the spiral pattern is used. Electrical resistance 

across the electrode pair such that E5-E18 and E3-E10 can be used.  Electrode pair 

E1-E9, E19-E20, and E10-E18 can be used to get the response in the hoop direction in 

the pipe.  

Axial compression, bending, and torsion tests are performed similarly to the 

strip test. Figure 6.3b shows that axial compression is applied in multiple cycles. A bi-

direction strain gauge is also attached to the pipe to measure the strain in the axial and 

hoop direction.  Electrical resistance across the electrode is recorded in sync with the 

strain values in axial and hoop directions.  

The bending test setup includes preloading the pipe at one end using the 

universal testing machine. In the bending test, bi-directional strain gauges are attached 

to the pipe on the top and bottom sides at locations 1 and 2, as shown in Figure 6.3c.  

The free end of the pipe is used to bend the pipe manually. The resistance of the top 

and bottom side electrode pair is recorded with the strain gauge values.  
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Figure 6.2 (a) Carbon nanotube-coated fabric patch with an array of silver 

electrodes, (b) vacuum bagging to attach the sensor on the pipe, (c) lead 

wires connected to the electrodes, and (d) electrodes numbering pattern 

for the measurement. 
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To perform the torsion test, a T-connector is attached to the other end of the 

pipe, and one end is preloaded using a universal testing machine like the bending test. 

A ±45o strain rosette is attached to the pipe to measure the strain in ±45o degree while 

applying torsion to the pipe. The twist is applied on the free hand of the pipe 

manually.  

 

Figure 6.3 (a) Different sensing pattern for different electrode pairs and schematic of 

test setup for (b) axial compression, (c) bending, (d) torsion.  
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6.2.3 Portable Data Acquisition System for Real-Time Monitoring  

Establishing a portable data acquisition (DAQ) system that can be integrated 

with the deployed carbon nanotube sensors and collecting the resistance data in real 

time is indispensable. A DAQ prototype was assembled for this purpose. This DAQ 

system has seven major components: Arduino® MEGA 2560 control board, 4-channel 

16-bit analog-to-digital convertor, real-time clock breakout board, microSD card 

breakout board, SIM7000 cellular shield, HX711 board, and a customized voltage 

divider circuit. The control board is powered by a 12v, 35-amp hour sealed lead acid 

battery (Thunderbolt Magnum Solar). This battery pack is charged using a 100-W 

solar panel (Renogy KIT-STARTER-100D Starter Kit) for testing.  

 

 

Figure 6.4 Portable data acquisition system with eight channels for resistance 

measurement and two-channel for strain measurement. (SAMPE 2022 

DOI#:10.33599/nasampe/s.22.0708) 
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This DAQ system is designed to output real-time data online stored in the 

cloud via the cellular network while archiving the data set on an SD memory card. 

Figure 6.4 shows a photograph of the integrated DAQ system in which all electronic 

components are fully loaded into a weatherproof ABS enclosure (16×10×5 in). This 

system can record resistance for eight nanotube sensors, two traditional strain gauges, 

and temperature and humidity. 

6.3 Results and Discussion  

The aramid fabric is coated with carbon nanotubes composite using dip 

coating. Scanning electron microscope at low magnification, 50-x, dip coating is 

visible on the fabric's fibers and web-like structure within the fiber mesh, as shown in 

Figure 6.5a. At higher magnification, 50K-x, the coating of the nanotubes is visible on 

the fiber surface, as shown in Figure 6.5b. This nanocomposite coating is electrically 

conductive and piezoresistive.  With strain application, the electrical resistance of the 

fabric changes.  

 

Figure 6.5 Scanning electron microscope image of carbon nanotube coated non-

woven aramid fabric (a) 50-x ï carbon nanotube coating on fibers and 

space between fibers, and (b) 50K-x ï carbon nanotubes in the carbon 

nanotube coating. 






























































