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Resumen 

Los hilos de nanotubos de carbono (CNTYs, por sus siglas en inglés) exhiben propiedades mecánicas 

notables, capacidad de disipación de energía y características multifuncionales que los posicionan como 

materiales jerárquicos inteligentes con un inmenso potencial. Esta tesis investiga la relación entre la 

estructura y las propiedades de los CNTYs y explora su potencial para el monitoreo eléctrico de la salud 

estructural en materiales compuestos avanzados fibroreforzados. Se emplean experimentos in situ 

utilizando espectroscopía Raman y microscopía electrónica de barrido para estudiar la evolución 

estructural de los CNTYs bajo carga de tensión. Los hallazgos revelan que la respuesta mecánica de los 

CNTYs está gobernada por movimientos estructurales de las fibrillas y grupos de nanotubos de carbono, 

más que por la elongación de los enlaces C-C. Se observó que los CNTYs fallan por extracción de sus 

fibrillas, causada por el deslizamiento entre estas. La contribución de la deformación del material (C-C) 

a la elongación del CNTY solo surge por encima del 0.5 % de deformación, y es evidenciada por un 

pequeño factor de deformación de desplazamiento Raman de -0.30 cm-1/%. Estos resultados mostraron 

que el eslabón más débil de los CNTYs es la resistencia cortante entre fibrillas. Este comportamiento 

confiere a los CNTYs capacidades excepcionales de disipación de energía, como se observa en su 

respuesta de histéresis a la tracción bajo carga cíclica y en el módulo de pérdida elevado en el análisis 

dinámico mecánico. Los CNTYs experimentan una reducción significativa de diámetro y rotación debido 

a la reorganización de las fibrillas, presentando una elevada contracción radial que disminuye 

exponencialmente con el aumento de la deformación axial. El modelado de hélice coaxial de los CNTYs 

destaca la importancia de la razón de contracción radial y su dependencia con la deformación aplicada. 

El modelo demostró la fuerte influencia del factor de deslizamiento, el radio de fibrilla y la longitud de 

fibrilla en la respuesta mecánica no lineal de los CNTYs. Todos estos cambios estructurales influyen en 

la respuesta eléctrica de los CNTYs. Sin embargo, las mediciones simultáneas de la resistencia eléctrica 

durante las pruebas de relajación indican que la capacitancia y la acumulación de carga eléctrica influyen 

en la respuesta eléctrica de los CNTYs más allá de la reorganización estructural interna. Finalmente, esta 

investigación se extiende a la aplicación de los CNTYs en el monitoreo de la salud estructural. Para ello, 

los CNTYs se integraron en paneles compuestos laminados hechos de tejidos de fibra de vidrio tipo E y 

resina vinil éster. La técnica de monitoreo utilizada aquí demuestra la efectividad de los CNTYs en la 

detección y localización de daños en los paneles bajo carga de compresión monótona y cíclica, lo cual 

se correlacionó con las mediciones de correlación digital de imágenes. Estos resultados indican que los 

CNTYs tienen un gran potencial para el monitoreo de salud estructural, ofreciendo retroalimentación en 

tiempo real sobre la concentración de esfuerzos y la detección de daño visible y no visible, lo que puede 

mejorar significativamente la seguridad y confiabilidad en diversas industrias que utilizan materiales 

compuestos avanzados. 
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Abstract 

Carbon nanotube (CNT) yarns (CNTYs) stand out as extraordinary materials, rendering remarkable 

mechanical properties, energy dissipation capabilities, and multifunctional characteristics that position 

them as smart hierarchical materials with immense potential. This thesis work investigates the structure-

property relationship of CNTYs and explores their potential for structural health monitoring in advanced 

fiber-reinforced composites. In situ experiments using Raman spectroscopy and scanning electron 

microscopy are employed to study the structural evolution of CNTYs under tensile loading. The findings 

reveal that the mechanical response of the CNTYs is governed by structural motions, slippage, and 

rotations (untwist) of the fibrils and CNT bundles, rather than C-C bond stretching. CNTYs fail through 

fibril pull-out caused by fibril-to-fibril slippage. The contribution of material (C-C) deformation to the 

stretching of the CNTY only arises above 0.5 % strain, evidenced by a small Raman shift strain factor of 

-0.30 cm-1/%. These results prove that the weakest link of the CNTY is the shear strength between fibrils. 

This behavior yields CNTYs with exceptional energy-dissipation capabilities, as observed in their tensile 

hysteresis response under cycling loading and high loss modulus in dynamic mechanical analysis. The 

CNTYs undergo a significant diameter reduction and rotation (untwist) due to fibril rearrangement, 

presenting a high radial contraction ratio that decreases exponentially with increasing axial strain. The 

coaxial helix modeling of CNTYs emphasizes the significance of the radial contraction ratio and its 

dependence on applied strain. The model demonstrates the strong influence of the slip factor, fibril radius, 

and fibril length on the nonlinear mechanical response of CNTYs. All these structural changes influence 

the electrical response of the CNTYs. However, simultaneous measurements of the electrical resistance 

during relaxation testing indicate that structural relaxation and equilibrium occurred faster than electrical 

relaxation. This means that capacitive and charge transport effects occur even after structural motions of 

the fibrils have reached equilibrium. These findings are crucial for their integration into composite 

materials and as sensors in composite structures. Finally, this research extends the application of CNTYs 

into structural health monitoring (SHM), wherein an array of CNTYs is integrated into laminated 

composite panels made of E-glass fiber weaves and vinyl ester resin. The SHM technique used herein 

proved the effectiveness of CNTYs in detecting and localizing damage in the panels under monotonic 

and cyclic compression loading, which correlated well with digital image correlation measurements. 

These results indicate that CNTYs hold remarkable promises for SHM, offering real-time feedback on 

damage detection, which can significantly improve safety and reliability across diverse composite 

industries. 
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Research objectives 

The aim of this research is to investigate the electromechanical response of twisted carbon nanotube 

yarns to mechanical loading in three hierarchical scales, viz. as individual yarns, as a single filament 

embedded in a thermosetting matrix, and as part of laminated composites made of glass fiber weaves and 

a thermosetting resin. 

The specific objectives are: 

➢ To characterize the electromechanical and physicochemical properties of carbon nanotube yarns. 

➢ To investigate the electrical response of carbon nanotube yarns subjected to thermo-mechanical 

stimuli. 

➢ To investigate the property-structure relationships of carbon nanotube yarns subjected to mechanical 

stimuli using a micromechanical model. 

➢ To investigate the electromechanical response of individual carbon nanotube yarns embedded in 

thermosetting resins. 

➢ To investigate the electrical response of carbon nanotube yarns as part of a glass fiber weave/vinyl 

ester laminated composite subjected to compression loading, implementing an algorithm for its 

proper data reduction. 

➢ To assess the structural health monitoring potential of a carbon nanotube yarn array in a glass fiber 

weave/vinyl ester composite under cyclic compression loading. 
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Outline of the research 

This work delves into the investigation of the electromechanical response of carbon nanotube yarns 

(CNTYs) under mechanical loading in three hierarchical scales, viz. as individual yarns, as a single yarn 

embedded in a vinyl ester resin (VER) matrix, and as part of laminated composite panels made of E-glass 

fiber weaves (GFWs) and VER. The research is divided into three main stages, as outlined in Fig. 1. 

Most of the experiments and model development were carried out at “Centro de Investigación Científica 

de Yucatán” (CICY). Some experiments were conducted at “Uppsala Universitet” (UU) during a six-

month research stay, as indicated. 

 
Fig. 1. Outline of the research. 

The first stage focuses on the physical and chemical characterization of CNTYs, along with the 

investigation of their structure-property relationship to understanding the fundamental concepts behind 

the mechanical and electrical properties of CNTYs. This understanding is essential for designing and 

developing new high-performance materials with structural health monitoring capabilities. The second 

stage focuses on the electromechanical characterization of monofilament composites, wherein a single 

CNTY was embedded into VER to study their electrical behavior for SHM applications. Finally, the third 

stage focused on the development and validation of a technique to monitor the structural health of the 

GFW/VER laminated composite panels using CNTYs. The overview of the research is presented in Fig. 

2. 
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Fig. 2. Overview of the research.
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Introduction 

Fiber-reinforced composite materials have been used in various industries including automotive, 

aircraft, naval, and energy, due to their enhanced properties, which result in reduced weight and 

increased resistance to extreme conditions. Nevertheless, composites are not immune to wear, 

corrosion, and degradation. It is often challenging or even impossible to detect when a fiber-

reinforced composite material has undergone damage. This is why routine preventive maintenance 

is conducted for all vehicles and structures. However, unnecessary maintenance can lead to 

financial waste. Additionally, if such maintenance is not carefully planned, it can result in worse 

scenarios, such as catastrophic failure of the material. One effective strategy for optimizing this 

process is the implementation of condition-based maintenance, whereby maintenance is performed 

only when necessary. This approach involves the continuous monitoring of the real-time structural 

health of the materials in question. For instance, Fig. 3 depicts the concept of structural health 

monitoring (SHM) applied to a building [1]. Intelligent materials possessing sensory properties, 

such as piezoresistivity [2–4] or thermoresistivity [5–7], play a pivotal role in enabling this 

proactive maintenance strategy. These materials allow structural health monitoring while 

preserving similar or even superior physical and chemical properties. 

  
Fig. 3. Intelligent structural health monitoring concept applied to a building. Extracted from [1]. 

Polymer composites are attractive materials for the fabrication of smart structural composites [8]. 

One of the most promising materials to create polymeric composites with SHM capabilities are 
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carbon nanotubes (CNTs). CNT-based polymeric nanocomposites have successfully demonstrated 

their use as sensors for strain [2,4,8], temperature [5–7], and various other complex applications, 

including structural damage detection [9–12]. However, in the particular case of CNT-based 

nanocomposites, one of the biggest current challenges is their individual dispersion and scaling up 

for industrial processing. A possible solution to this problem can be the use of CNT yarns (CNTYs), 

which are twisted fibers made of millions of CNT bundles (groups of interlocking CNTs bonded 

by van der Waals forces) [13,14]. Hypothetically, CNTYs could reach properties those of the 

CNTs, which make them very attractive for structural composites. Their outstanding electrical 

conductivity and multifunctionality makes them suitable for more interesting applications [14–16]. 

Polymer composites made with CNTYs have been initially tested with very good results in SHM 

applications [17–20]. Despite this, the study of CNTYs for SHM is yet in its early stages, rendering 

opportunities for developing new smart structural composite materials. Given this motivation, this 

work studies the physical, chemical, and electromechanical behaviors exhibited by CNTYs. Then 

the electrical response of such CNTYs as part of monofilament composites under tensile 

mechanical loading is investigated. Finally, the capabilities of CNTYs for SHM of laminated 

composites panels are evaluated, where the yarns are non-invasively integrated into the composites. 

The integration of the results at all dimensional scales assists in advancing the understanding of 

property-structure relationships of CNTYs and their fiber-reinforced structural composite 

materials. 
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Chapter 1. Background 

1.1. Carbon nanotube yarns 

Carbon nanotubes (CNTs) are a form of carbon allotropes characterized by a cylindrical structure 

composed of sp2 hybridized carbon atoms arranged in a hexagonal lattice [21,22]. Conceptually, 

CNTs can be visualized as rolled-up sheets of graphene, which consists of a single layer of carbon 

atoms arranged in a two-dimensional (2D) honeycomb lattice [23,24], as shown in Fig. 1.1. Since 

the discovery of CNTs [25], they have been widely studied due to their outstanding thermal, 

electrical, and mechanical properties, as well as their response to interrelated stimuli 

(thermoelectrical, electromechanical, and thermo-electromechanical). Moreover, CNTs find utility 

in producing macroscopic carbon assemblies such as CNT arrays [24], films [26], and CNTYs [27]. 

 
Fig. 1.1. Conceptual view of a CNT as a graphene sheet rolled along a chiral vector. Modified from [24]. 

It is important to point out that the term “CNT yarn” is sometimes used interchangeably with “CNT 

fiber” in literature, but this may be inaccurate. The main difference between a fiber and a yarn is 

that a fiber is a single strand, while a yarn is a twisted group of fibers [28]. Therefore, a CNT fiber 

refers to assemblies where the CNTs are only structured in bundles (groups of CNTs held together 

by van der Waals forces). A CNTY, on the other hand, refers to assemblies where the CNTs are 

grouped into bundles, which are entangled, forming fibrils or fibers that make up the yarn 

[14,16,27,29–32], as shown in Fig. 1.2. This hierarchical structure of the CNTYs renders a very 

strong property-structure relationship [14,16,27,29–32]. Because of this characteristic, CNTYs 

find applications across a wide range of fields, such as energy generation/storage [33,34], 

biomedical applications [35,36], advanced materials [37–39], and multifunctional materials 

[40,41]. 
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Fig. 1.2. Hierarchical structure of a CNTY. Individual scanning electron microscopy images were 

obtained from [2,13,14]. 

1.1.1. Methods of production 

CNTYs can be synthesized by solution state (wet) spinning or solid state (dry) spinning [16,27,42]. 

In the wet spinning method, the pre-synthesized CNTs are dispersed in surfactant or acidic solvents 

[16,27,42,43]. Then, the CNT solution is injected through a spinneret into a tank of coagulant 

solution, as shown in Fig. 1.3. The CNTY is formed as the CNTs pass through the spinneret. The 

CNTY is subsequently pulled out from the coagulation tank, stretched, and finally collected onto 

a spool. 

 
Fig. 1.3. Schematic of the wet spinning method. Extracted from [43]. 

The dry spinning method includes spinning from a vertically aligned CNT array previously grown 

on a substrate (Fig. 1.4a) [29,44–46], spinning from a CNT aerogel formed in a chemical vapor 
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deposition (CVD) reactor [47–49], and twisting/rolling from a CNT film [50]. Spinning from a 

CNT forest comprises two steps, growth of the CNT forest, and drawing from the CNT forest 

[29,44–46]. Thermal CVD is used to produce spinnable CNT forests, which are grown on flat 

substrates. A reaction furnace with flowing gaseous carbon feedstock in presence of catalyst on a 

silicon wafer substrate is used to grow the aligned CNTs. A layer of catalyst particles, e.g., 

Fe/Al2O3, is deposited on the silicon wafer, using carrier gas, for example helium, and a carbon 

source, such as acetylene or ethylene. It is necessary to obtain a high level of CNT alignment in 

the forest to form a continuous CNTY. Finally, the CNTs are pulled out from the CNT forest in 

CNT webs to form a continuous yarn, as shown in Fig. 1.4b. These CNT webs can be condensed 

either by using a solvent, mechanically through twisting or both. The twist is applied to improve 

the coherency (degree of packing) of the CNTYs [51,52]. The spinning from an aerogel of CNTs 

is considered a direct spinning method, which is capable of continuously producing CNTYs 

without length limitation [47–49]. In this process, the CNTs are synthesized in the vapor phase of 

a vertical reactor and form a porous cluster (carbon aerogel) similar to “cotton candy” [53]. The 

CNTs are continuously pulled out and twisted to draw a CNTY. 

 
(a) 

 
(b) 

Fig. 1.4. Spun process of a CNTY from a CNT forest by the dry spinning method. (a) Schematic of the 

draw-twist process (extracted from [46]), (b) formation of a CNTY during the draw-twist process 

(extracted from [29]). 
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1.1.2. Hierarchy and mechanics of load transfer 

The hierarchical structure of the CNTYs (yarn, fibril, bundle, CNT, Fig. 1.2) results in a very strong 

relationship between their nano/microstructure and their resulting effective properties 

[14,16,27,29–32]. It is known that load transfer in a CNTY subjected to uniaxial tensile loading 

occurs hierarchically among its components. The axial load is transferred from the yarn to its 

fibrils, then from fibrils to the thinner CNT bundles comprising the fibrils, and finally from bundles 

to CNTs [14,27,32]. The load transfer from one CNT to another occurs through inter-tube 

interactions, such as van der Waals forces, friction, and entanglement [54–56]. However, the 

mechanical response of CNTYs is governed by the load transfer mechanisms that occurs at the 

fibril/bundle level [57]. Therefore, the mechanical response of CNTYs mainly depends on multiple 

structural parameters, such as twist angle (the angle formed between the direction of twist and the 

yarn’s axial direction) [51,52], porosity (the volume of voids divided by the yarn’s total volume) 

[58], and packing density (the ratio of the total area of the fibrils to the yarn’s cross-sectional area) 

[59]. The test length (gage length) [60] and strain rate [61] also impact the mechanical behavior of 

CNTYs. All these parameters influence the interaction between fibrils/bundles and hence the 

mechanical response of CNTYs. The slipping between fibrils/bundles is the main mechanism that 

influences the overall mechanical response of CNTYs, leading to the reorientation of 

fibrils/bundles and redistribution of stresses [14,27,32]. For instance, Jung et al. [62] observed that 

CNTYs can exhibits stretching, untwisting, and a reduction in diameter when subjected to tensile 

loading. They categorized this strain behavior into two stages of the specific strength vs. strain 

curve (Fig. 1.5). The strain behavior of the first stage was attributed to the straightening and 

untwisting of the CNT bundles/fibrils, resulting in a gradual stress increase with strain [62,63]. The 

second stage was attributed to the slippage of the fibrils/bundles as a result of weak van der Waals 

interactions [62,63]. The sliding friction generated during the bundle slippage, along with 

attaching/detaching and zipping/unzipping mechanisms, contributes to the yarn’s energy 

dissipation ability [64–68]. The attaching/detaching mechanism refers to the separation and 

reconnection of CNTs or their bundles due to the interaction between intermolecular forces [68]. 

In this mechanism, when CNTs or bundles are separated, energy is released, which helps to 

dissipate the impact energy (damping). On the other hand, the zipping/unzipping mechanism refers 

to the sliding motion of CNTs or their bundles against each other due to the friction between them 

[69]. This friction also improves the damping performance of CNTY. 
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Fig. 1.5. Mechanical response of an aerogel-spun CNTY under uniaxial tensile loading (𝑆𝐺 = specific 

gravity; 1 tex = 1 g/km). Extracted from [62]. 

Under uniaxial tensile loading, CNTYs experience a decrease in diameter [29,58]. The high 

porosity and structure of the CNTYs result in high radial contraction ratios. This phenomenon can 

be attributed to their porosity and structural characteristics, leading to significant radial contraction 

ratios [29,58], sometimes improperly referred to as “Poisson’s ratio”. This parameter has been 

reported with values as high as 8.0 for low twist yarns [58], whereas the thermodynamic limit of a 

continuous solid material is known to be 0.5 [70]. The radial contraction of the CNTYs reduces its 

porosity and increases its packing density [58]. During this process, the fibrils/bundles slip in the 

loading direction, which reduces the twist angle (𝜃ext) [57,63]. The decrease in the initial twist 

angle (𝜃ext0
) of a CNTY with increasing the axial strain (𝜀𝑧) is depicted in Fig. 1.6. 

 
Fig. 1.6. Schematic depicting the change in twist angle (𝜃ext) of a CNTY with increasing axial strain (𝜀𝑧). 
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The tensile mechanical strength of a CNTY is closely related to its coherence (the degree to which 

the fibrils are aligned and bonded together) and its obliquity (the angle between the fibrils and the 

longitudinal axis of the yarn) [51,52]. These parameters of CNTYs can be modified by twisting. 

The twist angle in a CNTY increases the packing density, enhancing its resistance to slippage 

through friction [52]. As the twist angle increases in a CNTY, the strength of such yarn also 

increases until reaching a maximum value, beyond which the strength decreases [28,52,71], as 

shown in Fig. 1.7. The twist angle at which a yarn exhibits maximum strength is called the optimum 

twist. For instance, Anike et al. [52] have found that this optimum twist is about 30° for dry-spun 

CNTYs with diameters ranging from 43 µm to 57 µm and porosity of 0.71–0.80. 

 
Fig. 1.7. Schematic of the strength-twist relationship for yarns. Extracted from [28,52]. 

Despite the tremendous progress that has been made in understanding the mechanics of CNTYs, 

there are still several challenges to fully comprehend and characterize their mechanical response 

and unravel their full scientific and technological potential. However, experimentally studying the 

relationship between the microstructure of the CNTYs and their mechanical response is often 

exceedingly challenging. For this reason, computational modeling is a useful tool for the study of 

CNTYs. Several models have been developed to study their mechanical response under uniaxial 

tensile loading [72–77]. For example, Vilatela et al. [73] employed an analytical model based on 

molecular dynamics to calculate the strength of untwisted CNTYs and their CNT bundles under 

axial tensile loading, using the structural and mechanical properties of their constituent CNTs. They 

modeled the CNTY as a collection of parallel, rigid rod elements capable of sliding relative to each 

other, with the tensile stress applied to either end of the yarn. According to this model, the CNT 
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length and shear strength between CNTs are key parameters that affect the tensile strength of 

CNTYs. Additionally, they found that the strength of CNTYs also depend on the strength of the 

network of bundles. In another work, Wei et al. [74] developed a Monte Carlo model that 

incorporates statistical variation in CNTY strength and a shear load transfer law to simulate 

interactions between adjacent fibrils. The model’s predictions align well with experimental 

measurements, achieving standard deviations that are smaller than the observed experimental 

values. They attribute this difference to the simplified nature of the model, which does not account 

for complexities such as fibril misalignment, entanglement, and waviness. Pirmoz et al. [77] 

proposed a sequential multiscale finite element model to predict the stress-strain response of 

CNTYs, considering the randomness of the CNTY structure by the Monte Carlo method. The first 

step involved a nanoscale model of CNTs comprising bundles; the second step included a 

mesoscale model of bundles comprising fibrils, while the third step encompassed a microscale 

model of twisted fibrils comprising the CNTY. This model did not consider slippage and was able 

to capture the nonlinear tensile mechanical response of the CNTYs by calibrating the elastic 

properties of their constituent fibrils. These examples demonstrate that the success of predictive 

models largely depends on the accuracy of the structural and mechanical properties of the CNTY 

constituents used as input parameters. In addition, they highlight the importance of considering a 

statistical distribution of these parameters. This randomness makes the true mechanical response 

of CNTYs a stochastic process. All these structural characteristics and mechanisms also impact the 

thermal and electrical properties of the CNTYs. 

1.1.3. Electrical, mechanical, and piezoresistive properties 

CNTs have outstanding thermal, electrical, and mechanical properties, as summarized in Table 1.1. 

In an ideal scenario, these properties would be inherited by the CNTYs. However, the properties 

of the CNTYs are lower than those of their individual components, as shown in Table 1.1. This 

discrepancy arises from the discontinuous hierarchical structure of CNTYs (Fig. 1.2). Thus, the 

physical properties of the CNTYs depend not only on the CNTs comprising the yarn, but also on 

the interactions among them and the structural characteristics of the yarn. This is not necessarily a 

disadvantage, as this structure-property relationship gives rise to exceptional coupled properties, 

such as electromechanical or thermoelectrical. 
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Table 1.1. Selected properties of CNTs and CNTYs. 

Property CNTs CNTYs 

Elastic modulus 

[GPa] 

100–1800 

[8,21,22,78–80] 

0.10–397 

[14,16,52,81] 

Tensile strength 

[GPa] 

11.0–71.0 

[82,83] 

0.04–8.80 

[14,16,52,53,81] 

Density 

[g/cm3] 

1.33–2.60 

[21,79,84] 

0.35–1.55 

[52,58,81] 

Electrical conductivity 

[S/m] 

102–107 

[14,79,85] 

0.10–105 

[14–16,53,81] 

Thermal conductivity 

[W/(m⸱K)] 

1750–6000 

[14,22,79,86–88] 

5.0–80 

[14,16] 

 

Porosity plays a crucial role in the thermal, electrical, and mechanical response of CNTYs. The 

high number of CNTs and CNT-to-CNT contact points present in CNTYs with low porosity allows 

improved electron transport and, therefore, better electrical conductivity. The porosity of the 

CNTYs can be controlled during the manufacturing process, through the yarn twist angle [15,52]. 

The relationship between these parameters (Fig. 1.8a) has been investigated by Miao [15] using 

dry-spun CNTY made of multiwall CNTs with ~4.0 nm inner diameter, ~10 nm outer diameter, 

and 350 µm length. The electrical conductivity of the CNTYs is highly dependent on their relative 

density or porosity, as shown in Fig. 1.8b [15]. 

  
(a) (b) 

Fig. 1.8. Effects of porosity in a dry-spun CNTY (extracted from [15]). (a) Effect of yarn surface twist 
angle on the yarn density and porosity, (b) effect of yarn porosity on the electrical conductivity and 

resistivity. 

The relationship between twist angle, porosity, and electrical conductivity gives CNTYs an 

electrical response that depends on strain [52,63,89]. This electromechanical response is commonly 
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expressed as the fractional change in electrical resistance (∆𝑅/𝑅0), which is the ratio between the 

change in electrical resistance (∆𝑅) and the reference (initial, unloaded) electrical resistance (𝑅0). 

CNTYs can exhibit piezoresistive properties, as they recover their initial electrical resistance when 

the load is removed, provided they have not been loaded to the point of experiencing irreversible 

structural strain or damage. In this coupling phenomenon, the electrical resistance depends on the 

strain response of the CNTY [52,90,91]. Anike et al. [52,90,91] have hypothesized that there are 

two physical phenomena governing the piezoresistive response of CNTYs. The first phenomenon 

occurs when the CNTY is stretched during loading, generating a decrease in contact length of the 

CNT bundles, and therefore, an increase in its electrical resistance. The second phenomenon occurs 

when the CNTY relaxes during the loading segments, presenting inter-CNTs/inter-bundles 

slippage, and therefore, a decrease in its electrical resistance. When a CNTY is subjected to uniaxial 

tensile loading and experiences irreversible strain, its electrical resistance typically increases with 

increased axial strain. This increase in resistance is primarily due to the decreased contact length 

of the fibrils/bundles during stretching [52,90,91]. Simultaneously, an increase in contact area 

occurs among the fibrils/bundles due to the radial contraction-induced increase in packing density, 

resulting in a decrease in the electrical resistance of the CNTY [52,90,91]. These competing 

phenomena govern the electrical response of CNTYs. It is important to note that these phenomena 

are highly dependent on the yarn’s structure, as depicted in Fig. 1.9a [52]. Since CNTYs show 

strong property-structure relationships, there is no universal behavior for their electromechanical 

response. The electromechanical response of CNTYs depends not only on the strain level but also 

on the strain rate, as shown in Fig. 1.9b [91]. 

  
(a) (b) 

Fig. 1.9. Electrical response of CNTYs under uniaxial tensile loading. (a) Effect of twist level (extracted 

from [52]), (b) effect of strain rate (extracted from [91]). 
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1.1.4. Applications 

CNTYs have generated substantial attention in the field of materials science due to their 

extraordinary thermal, electrical, and mechanical, making them promising candidates for a wide 

range of applications. For example, CNTYs have shown promising results in energy generation 

and storage applications [33,34,41]. In this context, CNTYs have been integrated into energy-

harvesting textiles, serving as self-powered solid-state strain sensors used for monitoring breathing 

[34], as illustrated in Fig. 1.10a. The biomedical field has also greatly benefited from the unique 

properties of CNTYs [35,36]. They have been proposed for use as electrodes in deep brain 

stimulation [35], a neurosurgical procedure involving implanted electrodes and electrical 

stimulation to treat neurological conditions. Furthermore, CNTYs have been employed as strain 

sensors to monitor human motion [34,36]. CNTYs can be used to monitor liquid or polymer flow, 

exothermic reactions, and resin curing kinetics by measuring the change in electrical resistance of 

the CNTYs [13,92,93]. These capabilities make CNTYs valuable for applications in materials 

science and manufacturing. In addition, CNTYs have found utility in the development of advanced 

and smart materials [17,37–39,94–97]. CNTYs have also been proposed as reinforced for pressure 

vessels and aerospace structures due to their high strength-to-weight ratio and multifunctionality 

[98,99]. CNTYs are of particular interest for actuators (see [37–39]) and structural health 

monitoring applications [17,94–97] due to their high specific (per unit weight) mechanical 

properties and their responsiveness to external stimuli. For instance, CNTYs can be employed as 

artificial muscles, as demonstrated in Fig. 1.10b. 

  
(a) (b) 

Fig. 1.10. Applications of CNTYs. (a) Self-powered twistron strain sensor woven into a shirt and used for 
monitoring breathing (extracted from [34]), (b) polymer soft-actuator composed of polymer threads and 

CNTYs (extracted from [38]). 
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1.2. Carbon nanotube yarns for structural heatlh monitoring 

Structural health monitoring (SHM) is the process of collecting and analyzing data from a material 

to assess its condition [100]. This data can be used to detect damage, identify changes in the 

structure’s behavior, and predict its remaining service life. SHM can be applied in various fields, 

including aerospace, automotive, construction, and more. It is particularly useful for structures that 

are exposed to harsh environments or are subjected to high loads. In this context, CNTYs are ideal 

for SHM due to their high sensitivity to changes in strain and temperature, damping properties, 

flexibility, and lightweight nature. For this purpose, CNTYs can be integrated into composites as 

a 2D array, where the CNTYs are positioned in rows and columns, forming a grid. This integration 

allows for SHM of materials by measuring the electrical response of the CNTY array. For example, 

Song et al. [94] used a 12×12 CNTY array to monitor structural damage on 200×200×2.4 mm3 

composite panels made of IM7/977-3 (carbon fiber/epoxy) prepreg under impact testing. The 

CNTY were bonded with epoxy resin onto the composites. The CNTY were organized into groups 

of three per side, with one end connected to a Wheatstone bridge circuit and the other end connected 

to a common ground, as shown in Fig. 1.11a. A time-division multiplexing method was used to 

establish connections between each electrode of the rows (longitudinal direction, 𝑥) and each 

electrode of the columns (transverse direction, 𝑦). This configuration allowed the authors to 

monitor strain distribution and determine damage location on the IM7/977-3 panels by observing 

changes in electrical resistance of the CNTY grid. They observed an increment in electrical 

resistance after the impact, with the effect being more pronounced in the impacted area, as shown 

in Fig. 1.11b. 

  
(a) (b) 

Fig. 1.11. Use of a CNTY 2D array (grid) for SHM in IM7/977-3 composite panels (extracted from [94]). 
(a) Schematic of connections of the 12×12 CNTY array, (b) normalized change in electrical resistance of 

the CNTY grid after impact. 
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In a different work, Abot et al. [17] embedded CNTYs into laminated composites to monitor 

damage and delamination. In this case, the CNTYs were arranged in different configurations to 

sense damage (in-plane strains) and delamination (out-of-plane strains), as shown in Fig. 1.12a. 

Specimens were tested under three-point bending. Delamination in the composites was identified 

by a significant peak in the electrical resistance of the CNTYs, as shown in Fig. 1.12b. 

 
(a) 

 
(b) 

Fig. 1.12. Delamination detection in laminated composites using CNTYs (extracted from [17]).              

(a) Schematic of the CNTYs configuration, (b) electromechanical response. 

Using a different approach, Jia and Wan [97] embedded CNTY sensors in three-dimensional (3D) 

braided composites to detect internal damage and enhance structural health monitoring. Signals 

from the CNTYs were processed using the dynamic wavelet threshold algorithm to locate damage. 
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Damage location was estimated based on changes in CNTY resistance, and the quadratic matrix 

singular value decomposition algorithm simplified data, providing high positioning accuracy with 

a coordinate error under 1 mm. This work also highlights the significance of the algorithm in 

accurately determining the location of structural damage when analyzing data from CNTY arrays. 

All these results demonstrate the effectiveness of CNTYs in detecting delamination and debonding 

in laminated composite materials without compromising the integrity of the material. They also 

indicate that the field is not yet fully explored, and there exist research opportunities. Scaling the 

technique to larger panels is yet a challenge, along with the electrical signal handling, post-

processing and on-line distributing. The study of the CNTY electrical response under different 

loading scenarios is also still very shallowly explored. While it is known that the electrical response 

of the CNTYs is strongly dependent on their structural changes, there are mechanisms that have 

not been thoroughly studied. Therefore, understanding the fundamental concepts behind the 

mechanical and electrical properties of CNTYs is essential for designing and developing new high-

performance materials with structural health monitoring capabilities. 
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Chapter 2. Materials and methods 

2.1. Materials 

The CNTYs were dry-spun from 500 µm-high vertically aligned CNT arrays grown using water-

assisted CVD [45,101]. According to the manufacturer (University of Cincinnati, Cincinnati, 

USA), the CNTs have two to three walls and outer diameter ranging from 9 to 12 nm [45,101]. 

A Derakane 470-300 vinyl ester resin (VER) from Ashland (Ashland Inc., Wilmington, USA) was 

used as polymeric matrix for monofilament composites and laminated composite panels. Cobalt 

naphthenate with a 6 % volume concentration (vol.%) of active cobalt, and peroxide methyl ethyl 

ketone with 9 vol.% of active oxygen, both from “Plastiformas de México” (Plastiformas de 

México S.A. de C.V., Monterrey, Mexico), were used as the polymerization promotor and initiator, 

respectively. Additionally, a commercial E-type glass fiber weave (GFW) from “Plastiformas de 

México” was used to manufacture the laminated composite panels. 

2.2. Characterization of carbon nanotube yarns 

2.2.1. Atomic force and scanning electron microscopy 

The CNTYs were morphologically characterized using atomic force microscopy (AFM) with a 

Bruker SPM-8 instrument (Bruker, Kontich, Belgium). Different sections of 5×5 µm2 and 10×10 

µm2 of the CNTYs were scanned, using tapping mode (dynamic contact mode) in air. Surface 

roughness was measured in sub-areas of 5×5 µm2 within the 10×10 µm2 AFM images using the 

NanoScope Analysis 1.5 software from Bruker. The roughness is reported as the root mean square 

average of 24 measurements, acquired from six AFM images of three different sections (samples) 

of the CNTYs (four measurements per image, two images for sample). Furthermore, the diameter 

of the constituent CNT fibrils comprising the CNTY was digitally measured in the 5×5 μm2 AFM 

images using the image processor software Image-J from the National Institutes of Health 

(Bethesda, USA). A total of 100 diameter measurements were obtained from 32 images of four 

different samples of the CNTYs. 

Scanning electron microscopy (SEM) was carried out using a JEOL JSOL-6360-LV microscope 

(JEOL Ltd., Tokyo, Japan). SEM images were obtained from the longitudinal section of the CNTYs 

with magnifications of 500× and acceleration voltages of 20–25 kV. In order to construct a 

statistical diameter distribution of the CNTYs, a total of 480 values of diameter were digitally 
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measured from four samples (20 measurements per SEM image and six images per sample) using 

the Image-J software. 

The diameters of both the CNTY (𝑑ext) and their fibrils (𝑑f) are reported as the mean value derived 

from the best fit statistical distribution. The distribution was chosen based on the results of the 

Anderson-Darling goodness-of-fit test [102]. The statistical distribution models considered in the 

analysis included normal, lognormal, 3-parameter lognormal, exponential, parameter exponential, 

Weibull, 3-parameter Weibull, smallest extreme value, largest extreme value, gamma, 3-parameter 

gamma, logistic, loglogistic, and 3-parameter loglogistic. The statistical analysis of the data was 

conducted using the Minitab Software (Minitab LLC, State College, USA). 

2.2.2. Measurement of linear density and porosity 

Four segments of the CNTYs with different lengths (6, 12, 18, and 24 cm) were cut and weighed 

on the microbalance (0.1 µg resolution) of a PerkinElmer TGA 7 thermogravimetric analyzer 

(PerkinElmer Inc., Waltham, USA). The smallest CNTY length used was 6 cm, in order to allow 

sufficient mass in the microbalance. To guarantee uniformity in length between samples and 

prevent buckling of the fibers, the CNTYs were slightly preloaded using an in-house fixture by 

attaching a 75 mg mass (fragment of a needle) at the end of the fiber. 

The lineal density of the CNTYs (𝜌L) is defined as, 

𝜌L =
𝑚

𝐿
 (2.1) 

where 𝑚 and 𝐿 are the mass and length of the CNTYs, respectively. The reported value of linear 

density is the linear fit (slope, with the intercept set to zero) of the measured mass values for each 

length. In addition, the porosity of the CNTYs (𝛷P) was estimated by [52,84], 

𝛷P = 1 −
𝜌

𝜌CNT
 (2.2) 

where 𝜌 is the density of the CNTYs, and 𝜌CNT is the volumetric mass density of the CNTs that 

make up the CNTYs (𝜌CNT  = 2.10 g/cm3 [84,103]). The value of 𝜌 was obtained by dividing 𝜌L by 

the cross-sectional area of the CNTYs (using the mean diameter of the statistical distribution, see 

section 3.1.1), while 𝜌𝐶𝑁𝑇  was calculated as [104], 

𝜌CNT =
4

1315000
[

𝑛

𝑑Out
−

2𝑑S−S ∑ 𝑖𝑛−1
𝑖=0

𝑑Out
2 ] (2.3) 
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where 𝑛 is the number of CNT walls, 𝑑S−S is the inter-shell distance of the CNTs (𝑑S−S = 0.34 nm) 

and 𝑑Out is the outer diameter of the CNTs. In this case, 𝑛 = 3 and 𝑑Out = 11 nm were used since 

they were the most frequently observed values. 

2.2.3. Fourier-transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was used to identify the chemical composition of 

the CNTYs. The FTIR was carried out using a Thermo Fisher Scientific Nicolet 8700 FTIR 

Spectrometer (Thermo Fisher Scientific Inc., Wilmington, USA), in a spectral range of 650–4000 

cm-1 at 200 scans per spectrum and resolution of 8.0 cm-1. An 18 cm long CNTY was spirally 

wound to form a disk and then placed in the Nicolet 8700 FTIR Spectrometer. In total, two 18 cm 

long yarn samples were analyzed using the attenuated total reflection sampling Technique. The 

spectra were baseline corrected. 

2.2.4. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to study the mass changes as a function of 

temperature and the thermal stability of the of the CNTYs. The TGA was carried out using a 

PerkinElmer TGA 7 thermogravimetric analyzer. CNTYs samples with 60 cm length were 

analyzed from 50 to 750 °C with a heating rate of 10 °C/min in nitrogen environment. A preheating 

from 30 to 400 °C was applied to the CNTYs samples before the test to remove potential moisture 

and impurities from the CNTY manufacturing method. 

2.2.5. In situ Raman spectroscopy during tensile electromechanical testing 

Raman spectroscopy was used to characterize the chemical structure of individual CNTYs. The 

Raman spectroscopy was carried out with a confocal Renishaw inVia Raman spectrometer 

(Renishaw plc, Wotton-under-Edge, England), using a 50× objective lens, a 532 nm (green) laser 

of 50 mW (using 1 % of its power), a 60 s exposure time, an 1800 lines/mm grating, and a laser 

spot size of 1 µm. Furthermore, in situ Raman spectroscopy was used to study the mechanisms that 

govern the response of the CNTY to uniaxial tensile loading (mechanical test). Additionally, the 

direct current (DC) electrical response of selected CNTYs was measured during the tests 

(electromechanical tests) to establish correlations with their mechanical behavior. For this purpose, 

CNTY specimens were utilized, following the dimensions shown in Fig. 2.1. The orthogonal 

cylindrical coordinate system (where 𝑧, 𝑟, and 𝜑 denote the axial, radial, and tangential directions, 

respectively) used for describing the yarn and the applied force in the axial direction (𝐹𝑍) are also 
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depicted in Fig. 2.1. The CNTY shown in Fig. 2.1a corresponds to the specimen used for the 

mechanical tests, while the CNTY displayed in Fig. 2.1b corresponds to the specimen employed 

for the electromechanical tests. In both cases, the specimens were slightly pre-stretched using a 

very small load (~0.73 mN) to minimize variability in the initial strain state of the CNTYs. This 

pre-stretching involved attaching a 75 mg mass (fragment of a needle) to one end of the yarn. 

Subsequently, the yarn was affixed to a cardboard frame with a rectangular internal window, as 

shown in Fig. 2.1a. The ends of the CNTY were fixed to the frame using cyanoacrylate adhesive, 

and the frame was cut in the middle before conducting the tests. To measure the electrical resistance 

of the CNTYs by the four-point probe method, four 38-gauge copper wires were bonded to the 

CNTY using carbon-based conductive paint (Bare Conductive, London, England), as shown in Fig. 

2.1b. 

  
(a) (b) 

Fig. 2.1. CNTY specimens for in situ Raman spectroscopy during uniaxial tensile testing. (a) Specimen 

for mechanical testing, (b) specimen for electromechanical testing. 

For the in situ Raman spectroscopy analysis during the tensile mechanical testing, the CNTYs were 

strained in multiple steps using a special tensile stage (rig) designed to that aim (Fig. 2.2). Each 

strain step deformed the CNTY an amount of 50 µm (corresponding to 0.33 % strain) in about 30 

s, until CNTY failure was reached. The strain of the CNTY (𝜀𝑧) was calculated by dividing the 

displacement (∆𝐿) by the gage length of the specimen (𝐿g = 15 mm, free length in the window of 

the frames, Fig. 2.1). Prior to the first step (before loading the specimen) and immediately after 

each strain step, a 5 µm Raman line scan mapping was conducted at the central region of the 
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specimen and along the axial direction of the CNTY (𝑧), as schematized in Fig. 2.2. As the Raman 

line mapping technique collects information from a broader region compared to a simple point 

analysis, it was observed that this mapping technique significantly aided in reducing data variability 

and obtaining more reliable information about the yarn. Each line scan mapping took about 20 min 

(time between steps) using the automated scanning function of the Raman instrument. The Raman 

line scan covered 5 µm with steps of 1 µm, resulting in a total of six Raman spectra. The Raman 

peaks were fit to a Lorentzian function to obtain the center position, full width at half maximum 

(FWHM) and intensity of the Raman bands. The Raman parameters of each line scan were 

averaged, using the standard deviation as a metric of dispersion. 

In the case of the electromechanical testing, the same procedure as described above was performed, 

but with the added step of continuously recording the electrical resistance (𝑅) of the CNTYs 

throughout the entire duration of the test, concurrently with the Raman spectroscopy. The electrical 

resistance of was measured at 1 data/s using the four-point probe method. Voltage (𝑉) 

measurements were taken between the inner electrodes (Fig. 2.1b, Fig. 2.2), while electrical current 

(𝐼) was applied to the outer. These measurements were conducted using a Keysight 34980A 

multifunction switch/measure equipment (Keysight Technologies, Santa Clara, USA), which 

incorporated a 34921A terminal block module controlled by the BenchLink Data Logger software 

from Keysight. The change in electrical resistance (∆𝑅 = 𝑅 − 𝑅0) was divided by the electrical 

resistance of the CNTYs in the reference state (𝑅0), i.e., at 𝜀𝑧 = 0, to obtain the fractional change 

in electrical resistance (∆𝑅/𝑅0). All experiments were conducted at room temperature (~25 °C). 

 
Fig. 2.2. Schematic of the test setup for in situ Raman spectroscopy during uniaxial tensile testing. 



 

21 

2.2.6. In situ scanning electron microscopy during tensile mechanical testing 

In situ tensile tests of individual CNTYs were carried out inside a table-top SEM as shown in Fig. 

2.3a. The tensile tests were performed using a Hitachi TM1000 Tabletop SEM (Hitachi Ltd., 

Tokyo, Japan) operating at 15 kV and using a Deben tensile stage. Samples were studied without 

gold metallization. The CNTY specimens were prepared as described in section 2.2.5 with the 

dimensions shown in Fig. 2.3a. 

 
(a) 

 
(b) 

Fig. 2.3. In situ SEM of CNTY during axial tensile testing. (a) Test setup, (b) image processing procedure 

for measuring the effective diameter. Hatched lines correspond to the CNTY. 

The CNTYs were axially strained in multiple steps applying a displacement of 0.02 mm 

(corresponding to 𝜀𝑧 = 0.4 %) at 0.5 mm/min, until failure was reached. A schematic of the CNTY 

specimen is included in Fig. 2.3a. Before the first loading step and between each load step, an SEM 

image was taken at the central section of the specimen to measure its change in diameter and to 
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observe the morphological changes. Each image acquisition took about 3 min (time between steps). 

The new diameter of the CNTY was imaged and digitally measured using the image processor 

software “Image-J” from National Institutes of Health (Bethesda, USA). The SEM images of the 

CNTYs were converted to binary images by adjusting the threshold (relative image lightness) of 

the original images in order to obtain a mask of the CNTY as depicted in Fig. 2.3b. Each analyzed 

SEM image has a length of 76 µm (𝐿SEM), and the masking process yields a 2D projected area of 

the CNTY (𝐴SEM). At each imaged load step, 𝐿SEM is kept constant but the CNTY diameter 

reduces, yielding a change in 𝐴SEM. Thus, for each load step, 𝐴SEM was digitally measured and 

divided by the length of the SEM image (𝐿SEM = 76 µm) to obtain the corresponding CNTY 

effective diameter (𝑑ext), i.e., 𝑑ext = 𝐴SEM/𝐿SEM. This procedure is equivalent to calculating the 

area under the curve of the profile formed by the diameter contraction in the SEM image. This 

procedure was preferred over localized point measurements of diameter reduction, since it smears 

out the calculation yielding an effective yarn diameter for each strain level. It provides an effective 

CNTY diameter which is homogenized over the entire area (image) measured. This practice proved 

to render more consistent results than local point measurements of diameter, given the natural 

variations in the morphology of the CNTYs. Using these SEM measurements, the radial strain of 

the yarn (𝜀𝑟) was calculated as 𝜀𝑟 = 𝛥𝑟ext/𝑟ext0
, where 𝑟ext0

 is the CNTY pristine (undeformed) 

effective radius, 𝛥𝑟ext = 𝑟ext − 𝑟ext0
, and 𝑟ext is the instantaneous radius (after deformation). The 

radial contraction ratio of the CNTY (analogous to the Poisson’s ratio in a continuous solid 

material, 𝜈𝑧𝑟) was obtained by the ratio between −𝜀𝑟 and the applied axial strain (𝜀𝑧) [28,70], i.e., 

𝜈𝑧𝑟 = −
𝜀𝑟

𝜀𝑧
 (2.4) 

Ten CNTY specimens were tested for this analysis. 

2.2.7. Monotonic and cyclic tensile mechanical testing 

The CNTY specimens detailed in this section were prepared as described section 2.2.5, and their 

dimensions are depicted in Fig. 2.4. The CNTYs were tested in uniaxial tension, with a 

monotonically increasing load up to failure, using a Shimadzu AGS-X universal testing machine 

(Shimadzu Corporation, Kyoto, Japan) with a crosshead displacement of 0.5 mm/min. 
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Fig. 2.4. CNTY specimen for uniaxial tensile mechanical testing. 

Instead of using the volumetric stress (𝜎𝑧) obtained by considering the yarn as a continuous solid, 

the specific stress (commonly used for textiles) was employed. The specific stress (𝜎𝑧/𝜌) was 

obtained by dividing the applied load (𝐹𝑧) by the linear density of the CNTYs 𝜌L, i.e., 𝜎𝑧/𝜌 = 𝐹𝑧/𝜌L; 

where 𝜎𝑧/𝜌 is expressed in N/tex (1 tex = 1 g/km). The specific tensile modulus (𝐸/𝜌) was obtained 

form the slope of the linear fit of the 𝜎𝑧/𝜌 vs. 𝜀𝑧 curve in the 0.2 % ≤ 𝜀𝑧 ≤ 1.0 % range. 

The CNTY specimens (Fig. 2.4) were also tensile tested under strain-controlled cyclic loading by 

using a Shimadzu AGS-X universal testing machine. Two types of uniaxial cyclic tensile tests were 

conducted, viz. cycling under constant strain, and cycling under incremental strain. For the first 

one (constant strain), all test cycles consisted of stretching the specimen to ∆𝐿 = 25 mm (𝜀𝑧 = 1.0 

%), and then returning the specimen to the original position (∆𝐿 = 0). All cycles were carried out 

with a crosshead displacement speed of 0.5 mm/min, both in the loading and unloading cycles. A 

total of 300 cycles were performed on each specimen. The second type of cycling testing involved 

increasing the crosshead displacement by 25 µm (𝜀𝑧 = 0.1 %) with each new cycle, until ∆𝐿 = 400 

µm (𝜀𝑧 = 1.6 %, 16 cycles) was reached. 

To quantify the mechanical hysteresis of each cycle, the residual specific axial tensile stress 

(𝜎𝑧Res
/𝜌; 𝜎𝑧Res

 is the residual axial tensile stress) and the hysteresis loop (𝐻) were obtained as 

depicted in Fig. 2.5. The hysteresis loop (a trajectory function) is the energy dissipated due to 

internal friction within the material at the molecular or structural level. On the other hand, the 

residual specific stress (a point function) indicates the amount of specific stress that remains in the 
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specimen upon unloading, which results from irreversible strain. The hysteresis loop was 

quantified by the area between the loading and unloading curves, while the residual specific stress 

was obtained from the difference between 𝜎𝑧/𝜌 at the end of each cycle and 𝜎𝑧/𝜌 at the end of the 

first cycle. It should be noted that, for plotting purposes, all curves were slightly shifted a very 

small constant amount on the vertical axis to avoid surplus negative values. This small force arises 

from the fine adjustment (preload) of the fiber specimen upon tightening the clamps. Finally, the 

hysteresis loop was used to calculate the normalized hysteresis parameter (𝐻N) as, 

𝐻N =
𝐻

(𝜎𝑧
Max/𝜌)𝜀𝑧

Max
 (2.5) 

where 𝜀𝑧
Max and 𝜎𝑧

Max/𝜌 are the maximum values of strain and specific stress (𝜎𝑧
Max is the 

maximum value of axial stress) of each cycle, respectively (Fig. 2.5). The normalized hysteresis 

parameter is used to provide a more appropriate metric to compare the path-dependent hysteresis. 

 
Fig. 2.5. Schematic of the hysteresis parameters used for the uniaxial cyclic tensile test. 

2.2.8. Tensile electromechanical testing 

The CNTY specimens tested in uniaxial tension under monotonically increasing loads were 

prepared as described in section 2.2.5, and their dimensions are depicted in Fig. 2.6. The tests were 

conducted using a Shimadzu AGS-X universal testing machine with a load cell of 100 N and a 

crosshead displacement of 0.5 mm/min. 
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Fig. 2.6. CNTY specimen for tensile electromechanical testing. 

The electrical resistance (𝑅) of the CNTYs was measured in situ (during tensile testing) by the 

four-point probe method, using a Keysight 34980A multifunction switch/measure equipment, 

which incorporated a 34921A terminal block module controlled by the BenchLink Data Logger 

software. The gage factor (𝐺𝐹) of the CNTY was obtained from the slope of the linear fit of the 

∆𝑅/𝑅0 vs. 𝜀𝑧 curve within the same strain interval as 𝐸/𝜌 (0.2 % ≤ 𝜀𝑧 ≤ 1.0 %). Additionally, the 

specific electrical conductivity (𝜉/𝜌) of the CNTY was calculated by dividing the distance between 

electrodes (same as 𝐿g; 𝐿g = 25 mm, Fig. 2.6) by the product of 𝑅0 and 𝜌L. All properties of the 

CNTYs were reported using the arithmetic mean as the nominal value and the standard deviation 

as a metric of dispersion. 

2.2.9. Relaxation testing with in situ electrical monitoring 

Stress relaxation tests on CNTYs under the application of a constant axial tensile strain were 

conducted using a Shimadzu AGS-X universal testing machine with a load cell of 10 N. The CNTY 

specimens were prepared as described in section 2.2.5, with the dimensions shown in Fig. 2.7. The 

specimens were tensile strained up to 𝜀𝑧 = 1.0 % and the strain held constant for 24 h at room 

temperature (~22 °C). During constant strain, the drops in 𝐹𝑧 and 𝑅 were simultaneously measured 

over time at 1 data/s. The electrical resistance of the specimens was measured by the four-point 

probe method using an Agilent 34401A digital multimeter (Agilent Technologies Inc., Santa Clara, 

USA). Five replicates were tested for this analysis. 
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Fig. 2.7. CNTY specimen for stress relaxation testing. 

A Prony series of the Wiechert’s model [105] was used to fit the mechanical and electrical 

relaxation responses. The Wiechert’s model (Fig. 2.8) adds a spring term in parallel to the 

generalized Maxwell model, which describes the viscoelastic behavior through a parallel system 

of 𝑛 spring and dampers connected in series [105]. The Prony series used to fit either the specific 

stress or the specific tensile modulus response of the CNTYs (𝐸/𝜌) is given by [105,106], 

𝐸/𝜌 = 𝐸∞/𝜌 + ∑(𝐸𝑖/𝜌)𝑒
−(

𝑡
𝜏𝑖

)
𝑛

𝑖=1

 (2.6) 

where 𝐸∞/𝜌 is the equilibrium specific tensile modulus (the residual specific tensile modulus once 

the material is fully relaxed, i.e., at the plateau stage), 𝐸𝑖 /𝜌 and 𝜏𝑖 are respectively the specific 

elastic modulus and relaxation time corresponding to the 𝑖-th Maxwell element of the Prony series, 

and 𝑡 is the elapsed time. Notice that the series has been divided by the yarn’s density (𝜌) to 

incorporate yarn’s specific properties, i.e., independent of the cross-sectional area. Additionally, 

electromechanical equivalences allow the substitution of springs for capacitors and dampers by 

electrical resistors [107]. Thus, Eq. (2.6) was also used to fit the electrical relaxation curve (the 

decay of 𝑅 over time) by replacing 𝐸/𝜌 with 𝑅, 𝐸𝑖/𝜌 with 𝑅𝑖, and 𝐸∞/𝜌 with 𝑅∞ (equilibrium 

electrical resistance). The mechanical and electrical relaxation times (𝜏𝑖), however, may differ as 

they arise from distinct physical mechanisms. Stress relaxation involves structural motion, while 

electrical relaxation involves the movement and polarization of charges. The best fit procedure 



 

27 

utilized herein uses non-linear least squares optimization to find the best parameters that minimize 

the difference (residual) between the model predictions and the actual data points. 

 
Fig. 2.8. Wiechert’s model. Modified from [105]. 

2.2.10. Constrained thermoresistive characterization 

The (constrained) thermoresistive characterization of the CNTYs was carried out to better 

understand the electrical response of the CNTY during dynamic mechanical analysis (DMA) 

testing, and thus was conducted emulating the test rig conditions of the DMA. The test was 

conducted by measuring the electrical resistance of the CNTY while heating inside a PerkinElmer 

DMA 7 dynamic mechanical analyzer. This test was conducted inside the DMA equipment without 

loading the specimen, i.e., the DMA chamber was initially used just for heating. Since the CNTY 

is fixed within the DMA tensile clamps (and not free to expand), the test is referred to as 

“constrained”. The CNTY specimens were prepared as described in section 2.2.5, with the 

dimensions shown in Fig. 2.9. Instead of using a cardboard frame, a polyimide (Kapton) frame was 

used. Furthermore, the four 38-gauge copper wires were cemented to the CNTY with silver paint 

to measure the electrical response of the CNTYs within the DMA equipment. The electrical 

resistance of the CNTYs was measured by the four-point probe method, using a Keysight 34465A 

digital multimeter. The DMA setup (Fig. 2.9) requires the application of either a static or a dynamic 

force (or both) to simulate the experiment and run the heating chamber. The dynamic force was set 

to zero for this test. To avoid significant loading of the CNTY specimen, the constrained 

thermoresistive test was conducted keeping the Kapton frame of the specimen (without cutting the 

side-legs in Fig. 2.9) and applying a very small constant static force of 20 mN. Using strength of 
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materials concepts, the partition of the total force supported by the CNTY is estimated as ~1.0 mN, 

while the remaining force (~19 mN) is supported by the (uncut) Kapton frame. The force supported 

by the CNTY (1.0 mN) corresponds to ~0.68 % of the CNTY ultimate tensile force (144 mN), so 

it is deemed negligible for this analysis. During the test, the CNTY was first heated at a rate of 5 

°C/min from 30 to 300 °C. Then, a temperature (𝑇) dwell of 5 min at 300 °C was maintained. 

Finally, the specimens were cooled down at -5 °C/min from 300 to 30 °C. After the thermoresistive 

tests inside the DMA chamber, conventional DMA testing was performed by cutting the side-legs 

of the Kapton frame, as discussed in the following section. 

 
Fig. 2.9. CNTY specimen for constrained thermoresistive characterization and electrical monitoring 

during DMA. 

2.2.11. Electrical monitoring during dynamic mechanical testing 

Dynamic mechanical analysis (DMA) of the CNTYs was carried out using a PerkinElmer DMA 7 

dynamic mechanical analyzer. The CNTY specimens were prepared as described in section 2.2.5, 

using a polyimide (Kapton) frame instead of a cardboard frame, with the dimensions shown in Fig. 

2.10a. The CNTYs were subjected to uniaxial tensile cyclic loading, performing temperature and 

frequency scans. The temperature scans were performed from -50 to 300 °C, with a heating rate of 

5 °C/min and using an oscillating force at 1 Hz. The frequency scans were conducted at 30 °C from 

0 to 51 Hz. This maximum frequency (51 Hz) was selected due to equipment limitations. The DMA 

was performed on pristine CNTYs with a static force (𝐹𝑧S
) of 18 mN and a dynamic force (𝐹𝑧D

) of 

12.6 mN, resulting in a maximum applied force value (𝐹𝑧
Max) of 30.6 mN and a minimum applied 

force value (𝐹𝑧
Min) of 5.4 mN. These DMA parameters were selected based on preliminary analysis 
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presented in Appendix A. First, temperature and frequency scans were conducted to investigate the 

effect of 𝐹𝑧S
 by using different values of this force, viz. 18, 30, 40 and 50 mN (see Appendix A.1). 

Here, 𝐹𝑧D
 was always taken as 70 % of the static force, i.e., 𝐹𝑧D

 = 0.7𝐹𝑧S
, oscillating sinusoidally 

around 𝐹𝑧S
 with a certain frequency (𝑓), as shown in Fig. 2.10b. In this first analysis, the DMA 

with temperature scan was performed at 1 Hz from -50 to 300 °C with a heating rate of 5 °C/min, 

and the DMA with frequency scan was performed at 30 °C from 0 to 51 Hz. Subsequently, the 

DMA with frequency scans was performed at different constant temperatures (𝑇 = -50, 30, 50, and 

100 °C) from 0 to 51 Hz, using 𝐹𝑧S
 = 18 mN, in order to study the effect of temperature (see 

Appendix A.2). Then, to examine the effect of preheating (see Appendix A.3), two groups of 

specimens (three specimens per group) were tested with temperature scans at 1 Hz from -50 to 300 

°C with a heating rate of 5 °C/min and 𝐹𝑧S
 = 18 mN. The first group consisted of CNTYs that were 

previously heated to 300 °C (raised to this temperature from 30 °C with a heating rate of 5 °C/min) 

for 5 min, and the second group consisted of CNTYs without preheating (pristine CNTY). Finally, 

to study the effect of heating rate (see Appendix A.4), the CNTYs were tested at 1 Hz from 30 to 

300 °C, with 𝐹𝑧S
 = 18 mN, using different heating rates, viz. 1, 2, and 5 °C/min. Table 2.1 provides 

an overview of the test program for DMA, covering both temperature and frequency scanning. 

 

 
 

(a) (b) 
Fig. 2.10. DMA of the CNTYs. (a) CNTY specimen, (b) schematic of the oscillatory force. 
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Table 2.1. DMA test program. 

𝑭𝒛𝐒
 

(mN) 

𝑭𝒛𝐃
 

(mN) 

𝑭𝒛
𝐌𝐚𝐱 

(mN) 

Temperature scanning Frequency scanning 

Temperature range 

(°C) 

Heating rate 

(°C/min) 
Temperature (°C) 

18.0 12.6 30.6 

-50–300 5 
-50 

30 

30–300 
1 50 

2 100 

30.0 21.0 51.0 30–300 5 
30 

50 

40.0 28.0 68.0 - - 30 

50.0 35.0 85.0 30–300 5 
30 

50 

 

The electrical monitoring during DMA was carried out for two groups of CNTY specimens (Fig. 

2.9). The CNTYs of the first group were tested right after they had been characterized for 

thermoresistivity, as described in section 2.2.10; in this sense, the thermoresistive test acted as an 

initial preheating cycle for subsequent DMA testing. The second group of CNTYs was tested using 

pristine CNTYs, i.e., without being previously heated. In both cases, the Kapton frame was cut in 

the middle before running the DMA test. The CNTYs were tested using the procedure described 

previously, with 𝑓 = 1 Hz, 𝐹𝑧S
 = 18 mN, and 𝐹𝑧D

 = 12.6 mN. The test was carried out performing 

temperature scans from 30 to 300 °C with a heating rate of 5 °C/min. The electrical response of the 

CNTYs was simultaneously (in situ) measured by the four-point probe method using a Keysight 

34465A digital multimeter. 

2.2.12. Tensile electromechanical testing at different temperatures 

The CNTY specimens (Fig. 2.6) were subjected to uniaxial tension tests under monotonically 

increasing loads at different temperatures (25, 80, and 120 °C) as described in section 2.2.8. The 

temperature at 25 °C is the room temperature and was selected as the reference temperature. The 

80 and 120 °C temperatures were chosen because the CNTYs exhibited a change in their 

thermoresistive behavior during the constrained thermoresistive characterization (see sections 

2.2.10 and 3.1.12). Tensile electromechanical tests were conducted using a Shimadzu AGS-X 

universal testing machine with a 100 N load cell and a crosshead displacement of 0.5 mm/min. 

Before starting the test, the CNTY specimen was placed in the universal testing machine and 
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enclosed within an in-house chamber that was attached to a hot-air blower. This system was used 

to heat the specimen and maintain its temperature constant during the tensile test. The temperature 

(𝑇) inside the chamber increased from room temperature (~25 °C) to 80 or 120 °C in ~1 h, then 

remained constant for 1 h, and finally the tensile test was started. It is worth mentioning that the 

temperature distribution inside the chamber varied up to 8 °C. This temperature distribution was 

measured at four points inside the chamber, forming a quadrant around the CNTY. The electrical 

resistance (𝑅) of the CNTYs was measured in situ (during tensile testing) by the four-point probe 

method, using a Keysight 34980A multifunction switch/measure equipment, which incorporated a 

34921A terminal block module controlled by the BenchLink Data Logger software. 

2.3. Modeling for tensile mechanical behavior carbon nanotube yarns 

CNTYs are consider here as staple yarns, due to their hierarchical structure which comprises CNTs, 

CNT bundles, and fibrils making up the yarn [27]. A staple yarn (also known as spun yarn) is a 

type of strand made by bonding discrete filaments (fibrils) together through twisting, wrapping, 

and surface friction. Therefore, the mechanical behavior of CNTYs under axial tensile loading can 

be modeled using classical mechanical theories of yarns, such as the coaxial helix model [27,28]. 

In this model, the CNTY is assumed to have a circular cross-section with fibrils distributed in a 

series of concentric cylinders of differing radii 𝑟 (radial position), that vary from the center (𝑟 = 0) 

to the yarn surface (𝑟 = 𝑟ext), as shown in Fig. 2.11. The height of each cylinder if defined by the 

length of the yarn with one turn of twist (ℎ), given by [28], 

ℎ =
2𝜋𝑟ext

tan(𝜃ext)
 (2.7) 

where 𝜃ext is the yarn’s surface twist angle. In the coaxial helix model, ℎ is used to define the axial 

strain as 𝜀𝑧 = ∆ℎ/ℎ0, where ℎ0 is the length of the yarn with one turn of twist before deformation, 

and ∆ℎ = ℎ − ℎ0. Therefore, Eq. (2.7) can be rewritten as, 

ℎ = (1 + 𝜀𝑧) (
2𝜋𝑟ext0

tan(𝜃ext0
)

) (2.8) 

where 𝑟ext0
 and 𝜃ext0

 are respectively the external radius and twist angle of the yarn before 

deformation. Within ℎ, each fibril follows a uniform helical path with angle 𝜃 around one of the 

concentric cylinders described by [28], 

𝜃 = arctan (
2𝜋𝑟

ℎ
) (2.9) 
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In Eq. (2.9), when 𝑟 = 𝑟ext the helical path is 𝜃ext, and therefore 0 ≤ 𝜃 ≤ 𝜃ext. Considering these 

parameters, the relationship between the axial strain of the yarn (𝜀𝑧) and the axial strain of each 

fibril (𝜀𝑧f
, where 𝑧f refers to the axial direction, 𝑧, and “f” stands for fibril) can be represented by 

[28], 

𝜀𝑧f
= [cos2(𝜃) − 𝜈𝑧𝑟 sin2(𝜃)]𝜀𝑧 (2.10) 

where 𝜈𝑧𝑟 is the radial contraction ratio of the CNTY. Notice that, for a yarn, 𝜈𝑧𝑟 is a structural 

parameter rather than a material property; therefore, it is not referred herein as “Poisson’s ratio”. 

Additionally, the relationship between the yarn’s tensile modulus (𝐸) and the fibril’s tensile 

modulus (𝐸f) is given by [28], 

𝐸f =
𝐸

cos2(𝜃ext0
) [1 − 𝑘 csc(𝜃ext0

)]
 (2.11) 

where 𝑘 is a slip factor that can be estimated by [28], 

𝑘 =
√2

3𝐿f

√
𝑟f𝑄

𝜇
 (2.12) 

In Eq. (2.12), 𝐿f, 𝑟f, 𝑄, and 𝜇 are the length, radius, migration cycle, and coefficient of kinetic 

friction of the fibrils, respectively. The migration cycle is the change in the helical path that a single 

fibril follows along the yarn’s axial position (𝑧). This movement involves a transition from the 

outside (𝑟 = 𝑟ext) to the center (𝑟 = 0) of the yarn and then returning to the outside. According to 

classical yarn mechanics, the migration cycle can be estimated as 𝑄 ≈ 4ℎ [28]. 

 
Fig. 2.11. Coaxial helix model of a twisted staple yarn. Modified from [28]. 
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Low-twist yarns are a type of yarn that have been spun with a relatively low number of twists per 

meter, generally less than 6000 twists/m [58]. The CNTYs used in this work have an external radius 

(𝑟ext0
) of 16.7 µm and a yarn’s surface twist angle (𝜃ext0

) of 29.9° (see section 3.1.1), which 

according to Eq. (2.7) yields ℎ = 1.82×10-4 m. This value indicates that the CNTY has 

approximately 5480 twist/m (1/ℎ). Thus, the equations used by Shao et al. [108] to model the 

tensile mechanical behavior of low-twist staple yarns can also be applied to model the tensile 

response of the CNTYs. In this case, the total force in the yarn’s axial direction (𝐹𝑧) resulting from 

a tensile strain can be calculated by [108], 

𝐹𝑧 = 2𝜋 ∫ 𝑟𝜌𝑟𝜎𝑧f
cos2(𝜃) 𝑑𝑟

𝑟ext

0

 (2.13) 

where 𝜌𝑟 is the packing density at 𝑟 and 𝜎𝑧f
 is the average fibril stress in the yarn’s axial direction. 

The packing density of a yarn varies according to its cross-section, decreasing from the center 

towards the yarn surface [109,110]. Knowing the porosity of the CNTYs (𝛷P = 0.69, see section 

3.1.2), 𝜌𝑟 was assumed to follow the equation, 

𝜌𝑟 = [1 − 𝛷P (
𝑟ext

𝑟ext0

)

2

] (1 −
𝑟

𝑟ext
) (2.14) 

The first part of Eq. (2.14) describes the space occupied by the fibrils, where the porosity is 

multiplied by the rate of change of area (equivalent to the squared rate of change in radius) to 

capture the decrease in porosity with 𝜀𝑧. The second part of the equation refers to the distribution 

of the packing density as function of 𝑟, with the maximum value occurring at 𝑟 = 0 and decreasing 

linearly to zero at 𝑟 = 𝑟ext. 

Assuming linear elasticity of the fibrils, the average fibril stress can be obtained by [108], 

𝜎𝑧f
= (1 −

𝜆

2
) 𝐸f𝜀𝑧f

 (2.15) 

where 𝜆 is the slippage ratio of the fibrils given by [108], 

𝜆 =
𝑟f𝐸f𝜀𝑧f

𝜇𝐿f𝑃
 (2.16) 

In Eq. (2.16), 𝑃 is compressive transverse stress (stress perpendicular to the fibril axis), which can 

be estimated by [108], 

𝑃 =
𝑎(𝑟ext0

2𝑏2 − 𝑟2)
3
(1 − (1 + 𝜀𝑧)3𝑏6)

(1 + 𝜀𝑧)3𝑏12
 (2.17) 
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where 𝑎 is a constant and 𝑏 = 𝑟ext/𝑟ext0
. 

Equation (2.13) was used herein to study the tensile response of the CNTY as a function of strain 

(𝜀𝑧). The force, 𝐹𝑧, resulting from Eq. (2.13), was divided by the linear density of the CNTYs (𝜌L 

= 0.21 tex, see section 3.1.2) to obtain the specific stress (𝜎𝑧/𝜌), since the use of 𝜎𝑧/𝜌 is more 

appropriate for analyzing the tensile response of the CNTYs. It is worth noting that this is a 

nonlinear evolutionary model in which the geometry (𝜃, 𝜃ext, ℎ, 𝑄, 𝑟ext) and structural properties 

(𝜇, 𝜈𝑧𝑟, 𝜌𝑟) of the CNTY are updated for each level of 𝜀𝑧. The parameters 𝐿f, 𝑟f, 𝑟ext0
, 𝜃ext0

, 𝐸, and 

𝜈𝑧𝑟 were experimentally measured and used as inputs for the model. The migration cycle was 

assumed as 𝑄 = 4ℎ. The slip factor (𝑘 = 0.37) and the coefficient of friction (𝜇 = 1.11𝑄) were 

obtained from a parametric analysis described in Appendix D.1. This analysis utilized Eq. (2.11), 

Eq. (2.12), and a fibril tensile modulus of 𝐸f = 30 GPa, which was selected from the literature [111–

113]. The packing density (𝜌𝑟) was assumed to follow Eq. (2.14), see Appendix D.2. The constant 

𝑎 was estimated based on the best fit of the 𝜎𝑧/𝜌 vs. 𝜀𝑧 curve. The axial strain of the yarn (𝜀𝑧) was 

varied from 0 to 8.1 % to reproduce experimental tests (see sections 2.2.7 and 3.1.8). Table 2.2 

shows the values of the input parameters used in the mechanical model described by Eq. (2.13), as 

well as the source or assumptions used for their calculation. The bounding values listed in the last 

column correspond to the values for 𝜀𝑧 = 0 and 8.1 %. 
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Table 2.2. Baseline input parameters of the mechanical model, Eq. (2.13). 

Parameter Source 
Value 

(𝜺𝒛 = 0 to 8.1 %) 

𝜃(𝑟, 𝜀𝑧) Calculated by Eq. (2.9). [0°, 29.9°] to [0°, 25.8°] 

𝜃ext(𝜀𝑧) Calculated by Eq. (2.9), when 𝑟 = 𝑟ext. 29.9° to 25.8° 

𝜃ext0
 Measured from SEM images (see section 3.1.1). 29.9° 

𝜇(𝜀𝑧) 
Assumed as 𝜇 = 1.11𝑄, using a selected value of 𝑘 in Eq. 

(2.12), as described in Appendix D.1. 
810×10-6 to 976×10-6 

𝜈𝑧𝑟(𝜀𝑧) 
Obtained from fitting experimental measurements (see 

section 3.1.7), Eq. (3.1). 
7.91 to 1.12 

𝜌𝑟(𝑟, 𝜀𝑧) Assumed to decrease linearly with 𝑟, Eq. (2.14). [0.310, 0] to [0.429, 0] 

𝑎 Estimated based on the best fit of the 𝐹𝑧 vs. 𝜀𝑧 curve. 4.85×1039 Pa/m6 

𝐸 
Measured from tensile mechanical testing (see section 

3.1.8). 
5.80 GPa 

𝐸f 
Selected from the literature [111–113] (see Appendix 

D.1). 
30 GPa 

ℎ(𝜀𝑧) Calculated by Eq. (2.8). 182 to 197 µm 

𝑘 
Obtained using a selected value of 𝐸𝑓  in Eq. (2.11), as 

described in Appendix D.1. 
0.37 

𝐿f 
Height of the vertically aligned CNT arrays used to spin 

the CNTY. 
500 µm 

𝑄(𝜀𝑧) Assumed as 𝑄 = 4ℎ. 728 to 786 µm 

𝑟ext(𝜀𝑧) Calculated from Eq. (2.4); 𝑟ext = (1 − 𝜈𝑧𝑟𝜀𝑧)𝑟ext0
. 16.7 to 15.1 µm 

𝑟ext0
 Measured from SEM images (see section 3.1.1). 16.7 µm 

𝑟f 
Mean value measured from AFM images (see section 

3.1.1). 
172 nm 

 

2.4. Electromechanical characterization of monofilament composites 

2.4.1. Manufacturing of monofilament composites 

In order to study the electrical behavior of the CNTYs for SHM applications, monofilament (single 

yarn filament) composites were manufactured using an individual CNTY embedded into VER, as 

shown in Fig. 2.12. The orthogonal Cartesian coordinate system (where 𝑥, 𝑦, and 𝑧 denote the 

abscissa/axial, ordinate/transversal, and depth directions, respectively) used for describing the 
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composites is also depicted in Fig. 2.12. Four types of specimens were manufactured to study not 

only the electrical response of the CNTYs, but also the effect of the addition of the CNTYs and 

copper electrodes to the VER. Table 2.3 shows the different types of specimens manufactured. The 

composites labeled as VER correspond to specimens made of neat resin. VER+Cu corresponds to 

specimens made of VER with copper electrodes, but without CNTY. CNTY/VER corresponds to 

specimens made of VER and a single CNTY, while CNTY/VER+Cu corresponds to specimens 

made of VER and CNTY with copper electrodes. The VER was prepared with a 0.5 % weight 

concentration (wt.%) of cobalt naphthenate and 0.5 wt.% of methyl ethyl ketone peroxide. The 

cobalt was mixed with the VER and stirred for 5 min. The resulting VER solution was then placed 

under vacuum for 5 min. Subsequently, the methyl ethyl ketone peroxide was added to the VER 

solution and stirred for 3 min. Finally, the VER solution was placed under vacuum for an additional 

3 min and then poured into a mold of a 1:0.5 downscaled version of a type IV specimen from D638 

standard of the American Society for Testing and Materials [114], as shown in Fig. 2.12a. For the 

monofilament composites, the CNTY was previously placed in the mold using a 75 mg mass 

(fragment of a needle) to pre-stretch it. In addition, four 38-gauge copper wires were bounded to 

the CNTY using Bare Conductive paint (before pouring the resin) to measure the electrical 

response of selected monofilament composites by the four-point probe method, as shown in Fig. 

2.12b. After 24 h at room temperature (~25 °C), the specimen was demolded and post-cured during 

2 h at 120 °C using a convection oven. 

  
(a) (b) 

Fig. 2.12. Monofilament specimen. (a) Specimen for tensile mechanical testing, (b) specimen for tensile 

electromechanical testing. 
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Table 2.3. Type of monofilament specimens. 

Specimen Description 

VER Specimen shown in Fig. 2.12a, made only of VER. 

VER+Cu 
Specimen shown in Fig. 2.12b, made of VER with the copper 

electrodes, but without the CNTY. 

CNTY/VER Specimen shown in Fig. 2.12a made of VER and the CNTY. 

CNTY/VER+Cu 
Specimen shown in Fig. 2.12b, made of VER and the CNTY 

with the copper electrodes. 

 

2.4.2. Tensile mechanical and electromechanical testing using digital image correlation 

Monofilament composite specimens (Fig. 2.12) were tensile tested using a Shimadzu AGS-X 

universal testing machine, with a load cell of 1 kN and a crosshead displacement of 0.8 mm/min. 

The strain of the specimens was measured with a digital image correlation (DIC) technique, using 

a GOM ARAMIS 5M, 5M LT DIC system (GOM Metrology, Braunschweig, Germany) with 

cameras of 2448×2050 pixels (5 Mpx) and Schneider 35 mm lens. For this, a speckle pattern was 

painted on one surface (referred to as the “front” surface) of the specimens to measure the field of 

strain in the axial direction (𝜀𝑥) and in the transversal direction (𝜀𝑦) of the specimens. The DIC 

system was calibrated using a CP20/30×24 calibration object for three-dimensional field 

measurements, covering a field of view of 35×29 mm2 with a depth of 1.5 mm. The system’s 

configuration included a camera-to-camera distance of 98 mm, a camera angle of 25°, a camera-to-

specimen distance of 310 mm, and an aperture of f/8.0 (focal length/number). The electrical 

resistance of the specimens was measured by the four-point probe method, using an Agilent 

34401A digital multimeter. 

The tensile modulus of the monofilament composites (𝐸M) was obtained from the slope of the 

linear fit of the tensile stress in the axial direction (𝜎𝑥) vs. 𝜀𝑥 curve in the 0.2 % ≤ 𝜀𝑥 ≤ 1.0 % range. 

Similarly, the Poisson’s ratio of the monofilament composites (𝜈𝑥𝑦
M ) was obtained from the slope 

of the −𝜀𝑦  vs. 𝜀𝑥 curve in the same strain interval. The gage factor (𝐺𝐹) of the CNTY inside the 

monofilament composites was obtained from the slope of the linear fit of the ∆𝑅/𝑅0 vs. 𝜀𝑥 curve 

in the same strain interval as 𝐸M. In addition, the specific electrical conductivity (𝜉/𝜌) of the CNTY 

inside the monofilament composites was calculated by dividing the distance between electrodes 

(𝐿𝑔 = 10 mm, Fig. 2.12b) by the product of 𝑅0 and 𝜌L, i.e., 𝜉/𝜌 = 𝐿g/(𝑅0𝜌L). All properties were 
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obtained from at least five replicates for each type of specimen (Table 2.3), reporting the arithmetic 

mean as the nominal value and the standard deviation as a metric of dispersion. 

2.5. Laminated composites panels for structural heath monitoring 

2.5.1. Manufacturing of laminated composites panels 

Laminated composite panels were manufactured using five GFW layers with initial square lateral 

dimensions of 110 mm (trimmed to 100×100 mm2 after manufacturing), with VER serving as the 

polymeric matrix. The five layers of GFWs were stacked on top of each other and gently pressed. 

To monitor the structural health of the panels in a non-invasive fashion, four CNTYs were woven 

into the third GFW layer (central layer), creating a 2×2 CNTY array, as depicted in Fig. 2.13. Each 

CNTY was stitched in a zigzag pattern between the GFW bundles, as illustrated in the inset of Fig. 

2.13. The intersections between the CNTYs were adhered with Bare Conductive paint (Bare 

Conductive, London, England). To avoid crushing the CNTYs placed at the edges, they were 

stitched 10 mm away from the edge of the GFW and passed between the upper layers, emerging 

on the top surface, as shown in Fig. 2.13. In the inset of Fig. 2.13, the CNTYs are shown emerging 

~5 mm from the edge instead of 10 mm. This is because the missing 5 mm were cut during panel 

trimming to achieve a final size of 100×100 mm2. It is important to mention that the CNTYs were 

stitched before reaching the edges to prevent them from being end-crushed during compression 

testing. The VER was prepared as described in section 2.4.1. A highly concentrated mixture of 

CNT/VER (~9.1 wt.% CNTs) was used to create a conductive area on the panel’s surface, enabling 

the measurement of electrical resistance in the CNTYs. After preparing the VER, 300 mg of VER 

was mixed with 30 mg of CNTs and hand-stirred for 1 min. Subsequently, the conductive 

CNT/VER was spread onto small regions of the GFW where the CNTYs protrude, forming six 

~10×10 mm2 areas of conductive CNT/VER (Fig. 2.13). These ~10×10 mm2 conductive areas 

served as contact points for electrical connections between the CNTYs and the copper wires after 

panel manufacturing. Then, the VER was infused into the GFWs, concomitant with curing of the 

small spots of CNT/VER. The fact that the same VER is used for the home-made conductive resin 

and cures at the same time reinforces the non-invasive character of this technique. For this purpose, 

vacuum-assisted resin infusion was employed to introduce the VER into the GFWs. Vacuum-

assisted resin infusion is a manufacturing process that uses vacuum pressure to drive resin into a 

laminate composite. In this case, the resin infusion process lasted about 30 min at a flow rate of 

approximately 2.6 cm3/min. After being kept under vacuum at room temperature (~25 °C) for 24 
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h, the specimens were post-cured for 4 h at 120 °C using a convection oven. The specimens were 

then cut into square panels using a diamond saw disc. The resulting laminated composite panels 

had a thickness of ~2.7 mm and lateral dimensions of 100 mm, as shown in Fig. 2.13. Finally, 38-

gauge copper wires were attached to each of the small areas of conductive CNT/VER in the panel 

using Bare Conductive paint, to measure the electrical resistance of the CNTY array. 

Additionally, selected panels were fabricated with a localized structural failure (an artificial 

debond) at their center, following the same procedure described above. The artificial debond was 

created by inserting a ~0.2 µm-thick circular Teflon sheet with a diameter of either 25 mm or 50 

mm. The debond was placed between the second and third layer of the GFWs. This Teflon sheet 

was gently set in place aided by a small drop of cyanoacrylate adhesive. The panels without debond 

were labeled as GFW/VER for the panel does not include the CNTY array and GFW+CNTY/VER 

for those containing the array of CNTYs. Those containing a central debond were labeled as 

GFW/VER-D# (or GFW+CNTY/VER-D#), where the label “#” indicates the diameter (in mm) of 

the circular debond. For example, GFW+CNTY/VER-D25 is a GFW/VER panel containing the 

array of CNTYS and 25 mm circular debond. CNTYs were included only in panels with no debond 

and with a 25 mm debond. 

 
Fig. 2.13. Schematic of a GFW+CNTY/VER laminated composite panel containing a 2×2 CNTY array 

for SHM. 

2.5.2. Electrical instrumentation and algorithm for structural health monitoring 

The electrical resistance of the CNTY array was measured between the ends of the individual 

CNTYs, which were numbered from 1 to 8 as shown in Fig. 2.14a. The electrical measurements 
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were carried out in a combinatorial manner. The electrical resistance between electrodes 𝑖 and 𝑗 is 

represented by 𝑅𝑖,𝑗, with 𝑖 ranging from 1 to 𝑛 – 1, and 𝑗 ranging from 𝑖 + 1 to 𝑛, where 𝑛 = 8 (total 

number of electrodes in the panel). Thereby, 28 measurements of 𝑅𝑖,𝑗 (two-combination of an eight 

set) were conducted per load step, i.e., every 2 s. These electrical measurements were conducted in 

situ (during compression testing) by the four-point probe method, using a Keysight 34980A 

multifunction switch/measure instrument, which incorporated two 34921A terminal block modules 

controlled by the BenchLink Data Logger software. This equipment allowed a set of 28 electrical 

measurements every 2 s. The electrodes of the panel (Fig. 2.14) were connected to an electronic 

board (division board) that organized the connections into combinatorial pairs and distributed them 

across the inputs of the Keysight’s terminal blocks, see Fig. 2.14b. The electrodes were connected 

from the panel to the terminals of the division board using a single copper wire (see section 2.5.1). 

This implies that the connections of 𝑉 and 𝐼 for the four-point probe method were made at the same 

point. Subsequently, the acquired data underwent post-processing using an algorithm to construct 

electrical resistance maps that could be used to correlate structural damage. To create a contour 

(color) map of the panels, an algorithm was programmed in Python (Python Software Foundation, 

Wilmington, USA) to first assign an electrical resistance value to each path (P#) within the CNTY 

array. In this context, a path (link) refers to a section of CNTY that connects either electrodes to 

nodes or nodes to other nodes within the CNTY array, as shown in Fig. 2.14a. Each node (N#) 

represents the union point (bonded with Bare Conductive paint) between two CNTYs in the array 

(see section 2.5.1). The electrical resistance assigned to the paths was determined by averaging the 

weighted values of all 𝑅𝑖,𝑗 that correspond to their respective paths. The weighted values, which 

multiply each 𝑅𝑖,𝑗, were calculated by dividing the path’s length by the distance between electrodes 

(𝐿𝑖,𝑗). The distance between electrodes is the shortest electro-conductive distance (i.e., containing 

CNTY) between electrodes, obtained by summing the lengths of the paths connecting the two 

electrodes. It was assumed that each path has an equal length, allowing the paths between 

electrodes to be divided into fractions of 𝐿𝑖,𝑗. For example, consider the distance between electrodes 

1 and 2 (𝐿1,2). This distance is obtained by summing the lengths of three electro-conductive paths 

(P1, P3-8, and P2, as shown in Fig. 2.14a), each with length 𝐿1,2/3. Consequently, the weighted 

value of 𝑅1,2 in path 1 is calculated as (𝑅1,2𝐿1,2)/3𝐿1,2 = 𝑅1,2/3. Therefore, the electrical resistance 

assigned to path 1 (𝑅P1
) was obtained as, 
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𝑅P1
=

1

7
(

𝑅1,8

2
+

𝑅1,2 + 𝑅1,3 + 𝑅1,6 + 𝑅1,7

3
+

𝑅1,4 + 𝑅1,5

4
) (2.18) 

Thus, for the electrical resistance assigned to paths that connect electrodes to nodes (𝑅P𝑙
, paths 1 

to 8 in Fig. 2.14), Eq. (2.18) can be generalized into two equations: 

𝑅P𝑙
=

1

7
(

𝑅𝑙,𝑙+7

2
+

𝑅𝑙,𝑙+1 + 𝑅𝑙,𝑙+2 + 𝑅𝑙,𝑙+5 + 𝑅𝑙,𝑙+6

3
+

𝑅𝑙,𝑙+3 + 𝑅𝑙,𝑙+4

4
) ;      𝑙 = 𝑂𝑑𝑑 (2.19a) 

𝑅P𝑙
=

1

7
(

𝑅𝑙,𝑙+1

2
+

𝑅𝑙,𝑙+2 + 𝑅𝑙,𝑙+3 + 𝑅𝑙,𝑙+6 + 𝑅𝑙,𝑙+7

3
+

𝑅𝑙,𝑙+4 + 𝑅𝑙,𝑙+5

4
) ;      𝑙 = 𝐸𝑣𝑒𝑛 (2.19b) 

where Eq. (2.19a) is used for odd values of 𝑙 (integer) and Eq. (2.19b) is used for even values of 𝑙 

(1 ≤ 𝑙 ≤ 𝑛). 

 
(a) 

 
(b) 

Fig. 2.14. Electrical mapping of the GFW+CNTY/VER panels. (a) Definition of electrical elements used 

for the SHM algorithm, (b) photograph of electrical connections. 
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The central paths (P#-#) need special consideration. This is because in the central paths, the 

electrical current that flows from the electrodes is divided among all the paths, as they are 

interconnected by conductive paint. The numbers in the label P#-# correspond to the number of 

electrodes forming the path through the continuous CNTY in the array. Therefore, for the case of 

the electrical resistance assigned to central paths that connect nodes to nodes (𝑅𝑃𝑖,𝑗
, paths 1-6, 2-5, 

3-8, and 4-7 in Fig. 2.14a), 𝑅P𝑖,𝑗
 is given by, 

𝑅P𝑙−𝑙+5
=

1

12
(

𝑅𝑙,𝑙+5 + 𝑅𝑙,𝑙+6 + 𝑅𝑙+5,𝑙+7 + 𝑅𝑙+6,𝑙+7

3
+

𝑅𝑙,𝑙+3 + 𝑅𝑙,𝑙+4 + 𝑅𝑙+1,𝑙+5 + 𝑅𝑙+1,𝑙+6

8

+
𝑅𝑙+2,𝑙+5 + 𝑅𝑙+2,𝑙+6 + 𝑅𝑙+3,𝑙+7 + 𝑅𝑙+4,𝑙+7

8
) ;      𝑙 = 1, 3 

(2.20a) 

𝑅P𝑙−𝑙+3
=

1

12
(

𝑅𝑙,𝑙+2 + 𝑅𝑙,𝑙+3 + 𝑅𝑙+1,𝑙+2 + 𝑅𝑙+1,𝑙+3

3
+

𝑅𝑙,𝑙+4 + 𝑅𝑙,𝑙+5 + 𝑅𝑙+1,𝑙+4 + 𝑅𝑙+1,𝑙+5

8

+
𝑅𝑙+2,𝑙+6 + 𝑅𝑙+3,𝑙+6 + 𝑅𝑙+7,𝑙+2 + 𝑅𝑙+7,𝑙+3

8
) ;      𝑙 = 2, 4 

(2.20b) 

where Eq. (2.20a) is used for 𝑙 = 1 and 3, and Eq. (2.20b) is used for 𝑙 = 2 and 4 (𝑙 = 1, 2, 3, and 

4). Notice that in Eqs. (2.19) and (2.20), if a subindex of 𝑅𝑖,𝑗 exceeds the number of electrodes (𝑛 

= 8), 𝑛 is subtracted from the corresponding index, i.e., 𝑖 = 𝑖 − 𝑛 if 𝑖 > 𝑛, and 𝑗 = 𝑗 − 𝑛 if 𝑗 > 𝑛. 

This ensures that the result always provides a valid value of 𝑅𝑖,𝑗 (𝑅𝑖,𝑗  = 𝑅𝑗,𝑖, 𝑖 ≠ 𝑗). Then, the 

electrical resistance assigned to the nodes (𝑅N𝑙
 where 𝑙 = 1, 2, 3, and 4, Fig. 2.14a) was determined 

by averaging the electrical resistance of the surrounding four paths connecting the respective node. 

Finally, to assign electrical resistance values to discrete zones of the panel, the panel was 

hypothetically divided into 21×21 grid as shown in Fig. 2.14a. Each 4.76×4.76 mm2 square element 

represents a small subregion of the panel, and their 441 resistance values populate a square 

resistance matrix. The electrical resistance assigned to the 361 elements of the panel where the 

CNTYs are not passing (Fig. 2.14a) was set to zero. This algorithm would then produce values of 

𝑅 different to zero only along the 12 (blue) paths shown in Fig. 2.14a, and it is hereafter referred 

to as the “panel’s electrical resistance algorithm” (PER). 

The discrete and extremely localized character of the PER data post-processing method bears some 

limitations regarding the spatial localization of damage. Therefore, as an extension of the PER 

method, a second algorithm was used which assigns non-zero 𝑅 values to the 361 matrix elements 

where there is no CNTY present. To do so, the electrical resistance assigned to these elements was 

interpolated among their neighbor elements. This allowed to smear out and spread the conductivity 
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in a more continuous fashion along the surface of the panel, as opposed to the overly localized and 

discrete plots obtained by assigning values of 𝑅 only to the actual CNTY paths. For this purpose, 

the electrical resistance assigned to each element of the panel which does not contain a CNTY 

(light green elements in Fig. 2.14a) was determined by the weighted sum of the surrounding paths. 

The weight assigned to paths surrounding a particular element is determined by the number of 

elements between the paths and the given element. The weight assigned to a vertical path is given 

by the reciprocal of the number of elements in the 𝑥-direction between the path and the given 

element. Similarly, the weight assigned to a horizontal path is given by the reciprocal of the number 

of elements in the 𝑦-direction between the path and the given element. In both cases, the number 

of elements between the paths and the given element is increased by two units to avoid division by 

zero or one. For example, the element located at the origin of the panel’s coordinate system in Fig. 

2.14a is surrounded by paths P1 and P8. There are 6 elements in the 𝑦-direction between this 

element and path P1, and thus, the electrical resistance value of P1 (𝑅P1
) is divided by 8 (number 

of elements + 2). Similarly, there are 6 elements in the 𝑥-direction between the element and path 

P8, and thus, 𝑅P8
 is divided by 8. Therefore, the electrical resistance assigned to this element is 

given by the sum of these values, i.e., 
1

8
𝑅P1

+
1

8
𝑅P8

. This algorithm is hereafter referred to as the 

“panel’s electrical resistance with interpolation algorithm” (PERI). 

The electrical resistance map of the laminated composite panels is presented as the fractional 

change in electrical resistance (∆𝑅/𝑅0), using 𝑅0 as the electrical resistance matrix (21×21 

elements) assigned to the 4.76×4.76 mm2 square elements at the reference stage (initial stage at 

zero strain). 

2.5.3. Monotonic compression testing 

The laminated composite panels (100×100×2.7 mm3, Fig. 2.13) were subjected to uniaxial 

monotonic compression loading using a Shimadzu AG-I universal testing machine with a load cell 

of 100 kN and a crosshead displacement speed of 1 mm/min. The panels were placed in a specially 

designed fixture, as shown in Fig. 2.15a, to ensure proper panel alignment and prevent any 

movement during the application of the compression force (𝐹𝑦). The support fixture construction 

was based on an ASTM D7137/D7137M standard [115]. The strain of the specimens was measured 

using a GOM ARAMIS 5M, 5M LT DIC system with cameras of 2448×2050 pixels (5 Mpx) and 

Schneider 35 mm lens. The DIC system was calibrated using a CP20 90×72 calibration object for 
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three-dimensional field measurements, covering a field of view of 125×100 mm2 with a depth of 

77 mm. The system’s configuration (Fig. 2.15a) included a camera-to-camera distance of 222 mm, 

a camera angle of 25°, a camera-to-specimen distance of 590 mm, and an aperture of f/8.0. Five 

replicates of each panel type (without debond or with debond of 25 or 50 mm diameter) without 

CNTYs were tested to investigate their mechanical properties and failure modes. The compression 

modulus (𝐸C
P) was calculated as the slope of a linear fit to the compression stress (𝜎𝑦) vs. axial 

strain (𝜀𝑦) curve in the -0.2 % < 𝜀𝑦 < 0 interval. The averaged values of the mechanical properties 

are reported, along with one standard deviation as a metric of dispersion. 

Electrical SHM of composite panels was conducted during the compression test of the panels that 

include CNTYs, measuring the electrical resistance as described in section 2.5.2. The 28 

measurements of 𝑅𝑖,𝑗 were recorded every 2 s. A picture of the experimental setup is shown in Fig. 

2.15b. In this case, four replicates of the GFW+CNTY/VER and GFW+CNTY /VER-D25 panels 

were tested. 

  
(a) (b) 

Fig. 2.15. Setup for compression testing of the laminated composite panels. (a) Schematic of the fixture 

and DIC measurements, (b) photograph of the actual setup. 

2.5.4. Cyclic compression testing 

Cyclic compression tests were conducted on the GFW+CNTY/VER-D25 panels to assess their 

performance for monitoring progressive damage, see Fig. 2.16. A total of five panels were 

subjected to uniaxial cyclic compression loading using an MTS Landmark 370 servohydraulic test 

system (MTS Systems Corporation, Berlin, Germany) with a load cell of 100 kN. Cyclic tests were 

conducted only on the GFW+CNTY/VER-D25 panels. The force was applied in sinusoidal cycles 
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from 0 to 16.4 kN over 15000 cycles. The maximum force was set as 80 % of the failure force of 

the panels tested quasi-statically until failure (see section 3.4.1). The panels were placed in the 

same compression fixture as those tested under monotonic load until failure (Fig. 2.15). For the 

cyclic tests, C-shaped aluminum liners were fit tight at the top and bottom edges of the panel to 

mitigate end-crushing during load introduction, arising from the difference in rigidity between the 

fixture and the panel. The strain of the specimens was measured using a GOM ARAMIS 5M, 5M 

LT DIC system with cameras of 2448×2050 pixels (5 Mpx) and Schneider 35 mm lens. The DIC 

system was calibrated using a CP20 90×72 calibration object for three-dimensional field 

measurements, covering a field of view of 125×100 mm2 with a depth of 77 mm. The system’s 

configuration (Fig. 2.15a) included a camera-to-camera distance of 222 mm, a camera angle of 25°, 

a camera-to-specimen distance of 590 mm, and an aperture of f/8.0. The DIC measurements were 

taken every 1000 cycles, capturing 4 images/s during 30 s. Electrical SHM of panels with CNTYs 

was conducted during the cyclic compression test, measuring the electrical resistance as described 

in section 2.5.2. The 28 measurements of 𝑅𝑖,𝑗 were recorded every 2.5 s. 

 
Fig. 2.16. Photograph of the setup for cyclic compression testing of the laminated composite panels. 

2.5.5. Optical and scanning electron microscopy 

In order to evaluate damage and failure mechanisms in post-mortem panels, optical and SEM 

images were acquired at selected zones of the laminated composite panels. Optical microscopy 

images were captured using a Leica DM LM optical microscope (Leica Microsystems, Wetzlar, 

Germany). SEM images were obtained using a JEOL JSOL-6360-LV microscope with 

magnifications of 100× and acceleration voltages of 20 kV. The SEM images were taken from the 
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outer surface of the composite panels to avoid alterations caused by the cutting process of the 

samples. The samples were sputtered with gold during 60 s using a Denton Vacuum Desk-II 

sputtering equipment (Denton Vacuum LLC, Moorestown, USA). The resulting gold layer had a 

thickness of ~15 nm. 
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Chapter 3. Results and discussion 

3.1. Properties of carbon nanotube yarns 

3.1.1. Morphological and structural properties 

The morphology of the carbon nanotube yarns (CNTYs) is shown in Fig. 3.1a. It is evident that 

CNTYs are made up of thinner fibrils. These fibrils exhibit an inclination (twist angle) relative to 

the longitudinal direction of the CNTY. Additionally, the CNTYs present variations in diameter 

along the length of the continuous yarn. These diameter variations are attributed to the synthesis 

processes employed for CNTY production. The measured diameter distribution of the CNTYs is 

shown in Fig. 3.1b and summarized in Table 3.1. Probability plots of the distribution models can 

be found in Appendix B. To determine the best statistical distribution that fits the diameter 

distribution of the CNTYs, two statistical tests were employed: the p-value test and the Anderson-

Darling test. The p-value is a probability that measures the evidence against the null hypothesis. 

For an Anderson-Darling test, the null hypothesis is that the data follow the distribution. Therefore, 

the p-value test assesses how well a given statistical distribution fits the observed data, where a 

low p-value indicates a poor fit, while a high p-value suggests a better fit. The Anderson-Darling 

test provides a single-value statistic based on the discrepancies between the observed data and the 

expected values from the distribution. A lower Anderson-Darling statistic indicates a better fit. 

According to the Anderson-Darling test, the best-fitting diameter distribution is the 3-parameter 

loglogistic distribution, which has an Anderson-Darling value of 1.34 (see Table 3.1). 

  
(a) (b) 

Fig. 3.1. Morphology of CNTYs. (a) Representative SEM image of the CNTYs, (b) histogram of CNTY’s 

diameter (𝑑ext0
) distribution. 
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Table 3.1. Statistical distribution models of the CNTY diameters*. 

Distribution 

Distribution parameters Goodness of fit Estimate diameter 

[mean ± standard 

deviation] 

(µm) 

Location 

(µm) 
Shape 

Scale 

(µm) 

Threshold 

(µm) 

Anderson-

Darling 

Mean 

p-value 

Normal 33.3 - 1.70 - 8.34 < 0.005 33.3 ± 1.7 

Lognormal 3.50 - 0.050 - 6.54 < 0.005 33.3 ± 1.7 

3-parameter 

lognormal 
2.12 - 0.195 24.8 3.22 - 33.3 ± 1.7 

Exponential - - 33.3 - 191 < 0.003 33.3 ± 33.3 

2-parameter 

exponential 
- - 4.65 28.7 91.6 < 0.010 33.3 ± 4.7 

Weibull - 17.7 34.2 - 22.0 < 0.010 33.2 ± 2.3 

3-parameter 

Weibull 
- 2.97 5.43 28.5 8.44 < 0.005 33.3 ± 1.8 

Smallest 

extreme value 
34.2 - 1.97 - 25.2 < 0.010 33.1 ± 2.5 

Largest 

extreme value 
32.5 - 1.47 - 3.28 < 0.010 33.4 ± 1.9 

Gamma - 393 0.085 - 7.10 < 0.005 33.3 ± 2.8 

3-parameter 

gamma 
- 15.9 0.419 26.7 3.80 - 34.3 ± 2.8 

Logistic 33.2 - 0.914 - 4.58 < 0.005 33.2 ± 1.7 

Loglogistic 3.50 - 0.027 - 3.60 < 0.005 33.2 ± 1.6 

3-parameter 

loglogistic 
1.90 - 0.132 26.4 1.34 - 33.3 ± 1.7 

*Descriptive statistics: Data = 480, mean = 33.3 µm, standard deviation = 1.7 µm, median = 33.1 µm, 

minimum = 28.7 µm, maximum = 38.6 µm. 

 

The 3-parameter loglogistic distribution is plotted in Fig. 3.1b along with the measured data. This 

distribution estimates a diameter of 33.3 (± 1.7) µm, which will be used herein to describe the 

diameter of the CNTYs (𝑑ext0
). In the case of the twist angle (𝜃ext0

), twenty measurements of the 

twist angle indicated average and standard deviation of 29.9° ± 5.3°. 

The topography of the CNTYs is shown in Fig. 3.2a-c. It is observed that the surface of the CNTYs 

is very porous, comprised of fibrils/bundles which are generally parallel oriented in direction of 

the twist angle. However, some fibrils are entangled or intertwined. The fibrils comprising the 
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CNTY exhibit a wide range of diameters in a distribution that goes from 137 to 827 nm, as shown 

in the histogram of Fig. 3.2d. A wide range of fibril and CNT bundle diameter distribution is 

common for CNTYs (e.g., 11–28 [113] or 10–100 nm [116]) given their synthesis conditions. The 

Anderson–Darling goodness-of-fit test with a 95 % confidence interval level indicated that the 

fibril diameter distribution exhibited the best fit to a 3-parameter Weibull distribution (solid line in 

Fig. 3.2d) among the tested distribution functions. The 3-parameter Weibull distribution yields an 

expected (mean) value of 343 nm. This value was used as input for the fibril diameter (𝑑f = 343 

nm) in the model for tensile mechanical behavior (see section 2.3). The root mean square roughness 

of the CNTYs in this case is 62.2 (± 12.5) nm. 

  
(a) (b) 

 
 

(c) (d) 
Fig. 3.2. AFM images of the CNTY’s fibrils. (a) 3×3 µm2 2D view, (b) 5×5 µm2 2D view, (c) 10×10 µm2 

3D view, (d) histogram of fibril’s diameter (𝑑f) distribution. 

3.1.2. Linear density and porosity 

The measured mass (𝑚) of CNTYs of different lengths (𝐿 = 6, 12, 18, and 24 cm) are shown in 

Fig. 3.3. It is observed that the mass increases with the length of the CNTYs in a linear fashion. 
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Thus, a linear density (𝜌L) can be calculated from the slope of the linear fit of the data [15], yielding 

𝜌L = 0.21 tex. The linear density of CNTYs strongly depends on their diameter and porosity. Values 

of 𝜌L between 0.01–0.40 tex (untwisted) and 0.10–0.82 tex (twisted) have been reported for dry-

spun CNTYs [15,29,52,58,117,118]. Values of 𝜌L between 0.03 and 1.40 tex have also been 

reported for direct spinning CNTYs [31,118,119]. By using the mean diameter determined from 

the statistical analysis in section 2.2.1 (𝑑ext0
 = 33.3 µm), and assuming a solid cross section, the 

volumetric mass density of the CNTYs (𝜌) yields 𝜌 = 0.25 g/cm3. According to the supplier [101], 

the majority of the CNTs that comprise the CNTYs have a diameter of ~11 nm, being double- and 

triple-wall CNTs. Transmission electron micrographs provided by the supplier (not shown) 

indicate dominance of triple-wall CNTs. Thus, according to Eq. (2.3), and considering 𝑛 = 3, the 

volumetric mass density of the CNTs is 𝜌CNT = 0.78 g/cm3. Using Eq. (2.2), the calculated porosity 

of the CNTY (𝛷P) is 0.69. This indicates that 31 % of the yarn is composed of CNTs and the rest 

corresponds to empty spaces. On the other hand, if double-wall CNTs are considered (𝑛 = 2), 𝜌CNT 

= 0.54 g/cm3 and 𝛷P = 0.54. Porosities of several other types of CNT fibers and yarns have been 

reported in the range of 0.40–0.90 [15,52,58]. 

 
Fig. 3.3. Weight measurements to determine the linear density (𝜌L) of the CNTYs. 

3.1.3. Fourier-transform infrared analysis 

A representative transmittance FTIR spectrum (in arbitrary units, a.u.) of the CNTY is shown in 

Fig. 3.4. Table 3.2 shows a summary of the FTIR bands. The FTIR spectrum of the CNTYs arises 

from their individual CNTs and their mutual interactions. The CNTs that comprise the CNTYs 

have been synthesized using a water-assisted CVD growth technique that utilizes argon (Ar), 

hydrogen (H2), and water vapor (H2O) as carrier gases, along with ethylene (C2H4) as the carbon 
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(C) precursor gas [45]. The transmittance peak ~3,320 cm-1 (stretching vibration modes [120,121]) 

arises from the hydroxyl (OH) groups from intermolecular hydrogen bonding OH:OH of the CNTs. 

Part of this transmittance peak could also be attributed to adsorbed moisture [120,122]. The 

transmittance peak at ~1640 cm-1 arises from the bending vibration modes of these hydroxyl groups 

[120,121]. The carbonyl groups (C=O) at ~1730 cm-1 (stretching vibration mode of C=O [120]) 

are by-products of ethylene and water vapor. Finally, the transmittance peak at ~900 cm-1 arises 

from the backbone of the CNTs due to the stretching vibration mode of C=C [120,123]. 

 
Fig. 3.4. Representative FTIR of the CNTYs. 

Table 3.2. FTIR band identification for the CNTYs. 

Wavenumber 

(cm-1) 
Assignment Characteristic vibration mode Ref. 

~3,320 
Stretching vibration 

mode of OH 

Hydroxyl groups from intermolecular 

hydrogen bonded OH:OH, adsorbed water or 

surface carboxylic and phenolic groups. 

[120,122] 

2840–2920 
Stretching vibration 

mode of CH 
CH

2
 and CH

3
 alkyl chain. [120] 

~1730 
Stretching vibration 

mode of C=O 
Carboxyl, lactone and/or ketone groups. [120] 

~1640 
Bending or 

deformation of OH 
Hydroxyl groups. [120,121] 

~1600 
Stretching vibration 

mode of C=C 

CNT skeletal vibration mode originating from 

the sp
2
-hybridized Carbon. 

[120] 

~1250 
Stretching vibration 

mode of C-O 
Phenols and lactones. [120–122] 

~900 
Stretching vibration 

mode of C=C 
CNT backbone. [120,123] 
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3.1.4. Thermogravimetric analysis 

A representative thermogram of the CNTY including preheating is shown in Fig. 3.5. The CNTY 

was first preheated from 30 to 400 °C (red curve with solid triangles) to remove moisture and 

possible byproducts from the synthesis, followed by the complete heating from 50 to 750 °C 

(indicated in the plot as “TGA”). During the preheating, the CNTY lost up to ~13 % in weight. 

This weight loss can be attributed to the evaporation of acetone (used to densify the yarns) and 

trapped moisture, and, to less extent, burning of amorphous carbon [124]. For the case of the second 

heating run (labeled as TGA in Fig. 3.5), the CNTY lost negligible weight until ~300 °C, 

temperature at which appreciable mass loss started. A steep mass loss is observed around 550 °C, 

with a weight loss of ~10 %. The high thermal stability is attributed to the aromatic bonding of the 

carbon atoms comprising the CNTY structure; the number of walls and defects within CNTs, the 

presence and composition of the catalyst, and the presence of other materials (e.g., amorphous 

carbon, graphite particles) play an important role in thermal stability [124,125]. From ~550 °C, the 

CNTYs experiment a rapid loss of mass until reaching a maximum rate of thermal decomposition 

at ~650 °C (obtained from the peak of the negative derivative). It has been reported that 

decomposition of the multiwall CNTs may vary from 400 to 700 °C [125–127]. 

 
Fig. 3.5. Thermogram of a representative CNTY. 

3.1.5. Raman spectroscopy 

The Raman spectra of a 10 µm region along the longitudinal direction of the CNTY (𝑧) without 

loading (𝜀𝑧 = 0) are shown in Fig. 3.6a. Data were collected at 1 µm intervals, resulting in the 11 

Raman spectra plotted in Fig. 3.6a. These spectra exhibit homogeneity throughout the CNTY, with 

only small variations. Each of these Raman spectra displays the same characteristic peaks as those 
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seen in Fig. 3.6b, which represents a Raman spectrum from a random location along the CNTY. 

The Raman spectrum retains the fundamental features of the CNTs that compose the CNTY, 

although a few bands may have experienced slight shifts due to CNT pre-stressing within the yarn. 

 
(a) 

  
(b) (c) 

  
(d) (e) 

Fig. 3.6. Raman spectra of the CNTYs. (a) 10 µm line scan, (b) representative Raman spectrum,             

(c) D band variability, (d) 𝐼D/𝐼G variability, (e) 𝐼D′/𝐼G variability. 



 

54 

The band at ~1350 cm-1 corresponds to the so-called D band (disordered induced), which arises 

from the in-plane breathing vibrations of the aromatic ring structures. The D band is induced by 

the presence of disorder of the crystalline structure of the CNTs or vacancies in the graphitic 

structure through double Raman resonance processes [128–133]. The band at ~1585 cm-1 

corresponds to the G band (graphitic), which arises from the in-plane bond stretching motion of 

pairs of sp2 hybridized carbon atoms [131–133]. The G band is asymmetric towards lower Raman 

shift values, which confirms the presence of CNTs with few walls [134]. It has also being pointed 

out that the Raman shift position of the G band can be used to determine residual strains induced 

in the CNTs during the CNTY assembly process [134]. The peak at ~2694 cm-1 is the so-called G’ 

band. The G’ band (or 2D band) is an overtone of the D band, i.e., a second-order two-phonon 

process [130–133]. A relatively high intensity value of the G’ band is an indicative of the metallic 

feature of the CNTs [135]. The G+D band at ~2930 cm-1 is caused by two-phonon defect-assisted 

processes due to the presence of symmetry-breaking defects in the CNTY [132,133]. Table 3.3 

compares the Raman features of the CNTYs studied in this work with carbon nanostructures and 

other CNTYs reported in the literature. 

Table 3.3. Features of Raman bands in CNTYs and other carbon nanostructures. 

Material 

Raman band 

𝑰𝐃/𝑰𝐆 Ref. D G D’ G’ 

Peak 

(cm-1) 

FWHM 

(cm-1) 

Peak 

(cm-1) 

FWHM 

(cm-1) 

Peak 

(cm-1) 

FWHM 

(cm-1) 

Peak 

(cm-1) 

FWHM 

(cm-1) 

CNTY 

(Dry 

spinning) 

1350.2 

± 0.3 

46.0 ± 

1.4 

1584.6 

± 0.4 

40.1± 

1.3 

1619.3 

± 0.8 

30.8 ± 

2.2 

2694.0 

± 1.3 

70.7 ± 

2.0 

0.98 ± 

0.05 

This 

work 

CNTY 

(Direct 

spinning) 

1353 64 1584 52 - - - - 0.748 [136] 

Multiwall 

CNT 
1334.3 48.6 1585.7 46.2 1620.6 29.6 - - 1.67 [2] 

Multiwall 

CNT 
~1350 50.7 ~1580 57.1 - - ~2700 72.1 0.71 [137] 

Multilayer 

graphene 

sheets 

~1350 51.1 ~1580 25.1 - - ~2700 77.0 0.25 [137] 
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In order to distinguish the uncertainty in the Raman parameters (peak position, intensity, and 

FWHM) arising from the natural variability of CNTY, three 10 µm line scans were performed on 

two CNTY specimens. Each specimen was divided into three sections separated by 5 mm. The 

variability of the D band peak position and the relative intensities of the D to G band (𝐼D/𝐼G) and 

D’ to G (𝐼D′/𝐼G) of a 10 µm region along the 𝑧-axis of two different CNTY specimens is shown in 

Fig. 3.6c-e. The variability of the remaining Raman bans’ peak position, as well as the intensity 

and the FWHM along the CNTYs is shown in Appendix C. It is observed that, even for the same 

specimen, the CNTYs present a scattering in the D band peak position, which is indicative of 

structural inhomogeneity. This variability is mainly due to the hierarchical structure and current 

synthesis methods of the CNTYs. Such a strong property-structure relationship may yield not only 

batch-to-batch property variations, but some structural properties may also vary within the same 

(continuously long) yarn [61,134]. The relative intensities 𝐼D/𝐼G (Fig. 3.6d) and 𝐼D′/𝐼G (Fig. 3.6e) 

can be ascribed to a high number of symmetry-breaking features in the CNTs comprising the yarn, 

most likely induced during the CNTY manufacturing process. In addition, the relative intensity 

𝐼D/𝐼G can provide information on the degree of disorder in sp2 carbon materials [128,132], and can 

be used to further asses the homogeneity of the composition of the CNTY. The FWHM (see 

Appendix C), on the other hand, presents larger scattering along the scanned line (10 µm), 

indicating variations in the structural composition of the yarn. The FWHM provides information 

about the crystalline structure of the CNTYs, and can also be related to axial strains of the fiber 

[138]. It has been argued that given the different CNTs that typically comprise a yarn (single-, 

double-, and multi-wall CNTs), the Raman fingerprint of a CNTY could vary from position to 

position [134]. During CNTY manufacturing, CNTs may also be pre-stressed [134] and the degree 

of this pre-stress may vary from position to position within the yarn. 

3.1.6. Correlation between strain, Raman shift, and electrical response 

In situ Raman experiments were conducted as described in section 2.2.5. The CNTYs (Fig. 2.1) 

were strained in multiple steps of 50 µm (corresponding to 𝜀𝑧 = 0.33 %), until failure was reached. 

Prior to the first step and immediately after each strain step, a 5 µm Raman line scan mapping was 

conducted at the central region and along the axial direction of the CNTY. In the case of 

electromechanical testing, the electrical resistance of the CNTYs was continuously recorded 

throughout the entire duration of the test. Among the Raman parameters of the CNTYs studied in 

this work, only the D band peak position (located at ~1350 cm-1) exhibited a statistically significant 
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correlation with the applied axial strain (see Appendix C). One of the key features of this detailed 

Raman analysis is to distinguish the uncertainty in the band position due to the natural variability 

of the CNTY (see section 3.1.5 and Appendix C) from changes in the D band position due to strain. 

Averaging 11 Raman spectra from the line mapping turned to be a great tool to capture more 

spatially broad information and assess the uncertainty in this task; such results comprise the 

scattering bars in Fig. 3.7. Thus, the mean values of the D band peak position were obtained from 

six Raman spectra plots from each 5 µm Raman line scan, The D band peak position of a 

representative CNTY as function of axial strain (𝜀𝑧) is shown in Fig. 3.7. At small strains (𝜀𝑧 ≤ 0.5 

%), the shift in the D band position with strain cannot be distinguished from the experimental 

scattering inherent to the measurement. This implies that, below 𝜀𝑧 = 0.5 %, the CNTY only 

undergoes structural changes in its constitutive fibrils and CNT bundles, and any C-C bond 

stretching is negligible. As seen in Fig. 3.7, above this level of strain, the CNTs that make up the 

CNTY suffer C-C bond stretching upon tensile loading, which is seen by a blue shift in the D band 

with strain. For 𝜀𝑧 > 0.5 %, the peak position of the D band is shifted towards lower wavenumbers 

as the strain increases. This change in the peak position of the D band is approximately linear, with 

a Raman shift strain factor (sensitivity) obtained from the slope of the linear fit of -0.30 cm-1/%. 

This value of Raman shift with strain factor is very small. It is at least one order of magnitude 

smaller than the one observed for other carbon-based materials such as carbon fibers (~18.8 cm-

1/% for the 2660 cm-1 band [139]), aramid (Kevlar) fibers (~4.85 cm-1/% for the 1610 cm-1 band 

[140]), and graphene deposited on a flexible substrate (~64 cm-1/% for G’ band [141]). This means 

that, because of the twist and hierarchical architecture of the yarn, C-C bond stretching is limited 

as mechanism of deformation and strain transfer, and most of the strain energy is dissipated by the 

relative motion between the fibrils/bundles. In this sense, Raman spectroscopy suggests that tensile 

loading of the CNTY is strongly governed by structural changes of the fibrils/bundles comprising 

the yarn, and this information is of great assistance in understanding the mechanics of the yarn. It 

has been argued that when subject to tensile loading, CNTYs experiences slippage and stretching 

within its fibrils and bundles, resulting in a reduction of diameter and untwisting [62,63,75]. As the 

strain increase, the slippage of the fibrils/bundles increases, and therefore the slippage of the CNTs 

[62,63,142]. Since breaking or deforming the C-C bonds requires more energy than breaking the 

secondary bonds (van der Waals, dipolar, hydrogen bonding) between the CNTs, the secondary 

bonds break earlier, leading to a rearrangement of the CNTY structure. Most CNTs are grouped in 
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bundles and fibrils, which behave as single structure in the CNTY, in analogy to the behavior of a 

single filament in a conventional yarn. This hinders the C-C bond stretching of individual CNTs, 

as the strain is initially transferred from the CNTY to the fibrils, then to bundles, and finally to the 

CNTs. All this strain transfer process occurs through secondary bonds [14,27,32]. Therefore, only 

a small fraction of the strain applied to the yarn is transferred to individual CNTs within the bundles 

[142]. For this reason, the G band shift that typically occurs when a CNT is subjected to tension 

[143] was not observed in this study. However, there was a slight shift in the D band peak position 

with strain, indicating some stretching of the C-C bonds, although minimal. The strain-induced 

shifts of the D and G bands depend strongly on the chirality of the CNTs [143]. The D band can be 

influenced by loss of symmetry in the crystalline structure of the CNTs or by modifications on the 

CNT walls, such as the introduction of defects or the attachment of different chemical species on 

the CNTs [132,144,145]. In this case, the change of the D band peak position can be attributed to 

the reduction in sidewall and torsion experienced by the CNTs during stretching [146,147]. The 

stress relaxation of the CNTY (see section 3.1.11) due to the relatively long measurement times 

between each deformation (~20 min) could also affect the peak position of the D band. 

 
Fig. 3.7. D band peak position of the CNTYs as a function of axial strain (𝜀𝑧). 

The D band peak position of the CNTYs as a function of 𝜀𝑧 and the fractional change of electrical 

resistance (∆𝑅/𝑅0) as function of elapsed time are shown in Fig. 3.8. The inserts are optical 

microscopy images taken with the Raman microscope during testing times. The mean values of the 

D band peak position shown in Fig. 3.8 were placed in the plot at the instant of time when the 
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CNTY was strained. Similar to what was observed in Fig. 3.7, the D band peak position in Fig. 3.8 

tends to shift towards lower wavenumbers as the strain increases. However, in this case, the trend 

is not as clear as in Fig. 3.7. This could be due to the electrical filed applied during the measurement 

of electrical resistance to the CNTYs (see section 2.2.5) affecting the Raman vibrational response. 

It has been reported that the electric field/current applied can influence the vibrational frequencies 

and modes of the C-C bonds of the CNTs [148–150]. Additionally, the heat generated by the 

electric field may play a role in facilitating the rupture of secondary bonds and promoting slipping 

between CNTs, leading to reduced stretching of the C-C bonds within the CNTs. The relaxation of 

the CNTYs due to the relatively long measurement times between each deformation may also play 

an important role. In Fig. 3.8, the discrete load application steps are identified as zones where 

∆𝑅/𝑅0 exhibited an increase corresponding to the rise in 𝜀𝑧. The zones that presented a nearly 

constant value or a small decay of ∆𝑅/𝑅0 with elapsed time correspond to the periods during which 

𝜀𝑧 was held constant for the Raman measurements (~20 min). The mechanical tensile response of 

the CNTY is strongly governed by structural changes at fibrils/bundle level. This indicates that the 

increase in ∆𝑅/𝑅0 manly depends on these structural changes. During the time where 𝜀𝑧 was held 

constant, the stress in the CNTY relaxes, leading to a slight reduction (relaxation) in ∆𝑅/𝑅0. 

However, as will be discussed in section 3.1.11, the relaxation of the electrical resistance of the 

CNTYs is influenced not only by the restructuring of the fibrils, bundles, and CNTs. These opposite 

effects govern to the non-monotonic trend in ∆𝑅/𝑅0 and lead to a change in the trend towards an 

increasing behavior (positive slope) of ∆𝑅/𝑅0 for 𝜀𝑧 > 2.0 %. Beyond this strain level, the CNTYs 

experience fibril detachment, as shown in insert B of Fig. 3.8. This detachment/rupture of the fibrils 

leads to an increase in the electrical resistance and, therefore, in ∆𝑅/𝑅0. This trend is maintained 

until the CNTY specimen fails (see insert D of Fig. 3.8). 
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Fig. 3.8. D band peak position and fractional change in electrical resistance (∆𝑅/𝑅0) of a representative 

CNTY as a function of axial strain (𝜀𝑧) and time. 

3.1.7. Radial contraction ratio 

In situ SEM imaging of CNTYs (Fig. 2.3a) was carried out during tensile testing, as described in 

section 2.2.6. The CNTYs were strained in multiple steps of 0.02 mm (corresponding to 𝜀𝑧 = 0.4 

%), until failure was reached. Before the first loading step and between each load step, an SEM 

image was taken at the central section of the CNTY to measure its change in diameter and to 

observe the morphological changes. Subsequently, the radial contraction ratio of the CNTYs was 

calculated. Figure 3.9 shows representative SEM images of the same CNTY depicting undeformed 

(Fig. 3.9a) and axially strained (Fig. 3.9b, 𝜀𝑧 = 12 %) stages. It is observed that the diameter of the 

CNTY decreases as 𝜀𝑧 increases, and that the yarn’s fibrils rotate as the axial strain is applied. 

Taking the white mark (small debris) on the CNTY surface as a reference (signaled with an arrow), 

it is observed that the marked particle not only moves in the yarn’s axial direction (𝑧) due to 

stretching, but also rotates in the yarn’s radial direction (𝑟). This is due to the rearrangement of the 

fibrils, which are initially oriented at a twist angle with respect to 𝑧 (𝜃ext0
 = 29.9°). In this process, 

the fibrils slip in the loading direction, untwisting and causing the observed rotation of the yarn 

[57,63]. 
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(a) (b) 

  
(c) (d) 

Fig. 3.9. In situ SEM of a CNTY during tensile testing. (a) CNTY at 𝜀𝑧 = 0, (b) CNTY at 𝜀𝑧 = 12 %,          

(c) CNTY at failure (𝜀𝑧 = 13 %), (d) close-up of the CNTY at failure, indicated by a dashed rectangle in 

Fig. 3.9c. 

The failure mode of the CNTY is shown in Fig. 3.9c. It is observed that the CNTYs fail due to 

fibril pull-out (close-up in Fig. 3.9d) after extensive slipping and untwisting of their fibrils. It is 

well known that a staple yarn may fail either because the individual fibrils slip completely over 

each other, or because the individual filaments break [28]. In this case, the failure of the CNTYs 

occurs by pulling-out due to slippage of the fibrils and their bundles. This is due to the weak 

interaction between fibrils, bundles, and CNTs [55,151,152]. At the CNT level, the secondary 

bonds (van der Waals, dipolar, hydrogen bonding) and friction that hold the CNTs together in 

bundles are in total weaker than the assembly of covalent C-C bonds of the CNTs, resulting in the 

CNTs slipping before breaking [142,153]. The slipping between CNTs in this context is dominated 

by stick-slip motions [154]. However, as evidenced by the correlation between the Raman spectra 

of the CNTYs and their axial strain in section 3.1.6, only a small fraction of the strain applied to 
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the CNTY is transferred to the individual CNTs. Therefore, the mechanical response of the CNTYs 

is governed by the slippage of the fibrils/bundles. At the fibril/bundle level, the slipping or breaking 

of the fibrils/bundles is determined by friction, which is influenced by obliquity (angular 

orientation of individual fibrils within the yarn) and cohesion [28]. The inter-CNT shear strength 

has been reported ranging between 0.05 and 1.40 GPa [154,155]. Deng et al. estimated that the 

inter-CNT shear strength is between 3.7 to 33 times higher than the inter-fibril shear strength [151]. 

This indicates that slipping between fibrils is favored over slipping between CNTs [151], as is 

observed herein. This argument can also be supported by estimating the critical length of the CNTs 

and fibrils necessary for effective load transfer within the yarn, as described in Appendix E. 

According to these estimations and considering the large spread of the data reported in the 

literature, the critical length of the CNTs comprising the yarn ranges between 35.4 nm and 8.52 

µm. Considering that the actual length of the CNTs comprising the CNTYs herein is 500 µm (see 

section 2.1), the CNTYs should have failed at the tensile strength of the CNTs, which is reported 

between 11 and 71 GPa [82,83]. However, the CNTYs of this work actually failed around 249 MPa 

(obtained from the product of 𝜌 = 250 kg/m3 and the specific tensile strength of 994 mN/tex, see 

section 3.1.10). This value is several orders of magnitude lower than the tensile strength of the 

CNTs and even lower than the tensile strength of CNT bundles, which has been reported ranging 

from 1.50 to 52 GPa [112,113,156]. The calculations of Appendix E reinforce this idea. They show 

that the critical length of the fibrils is about 27 to 2179 times than that of the CNTs. This means 

that the load transfer is less efficient at the fibril level. Given these arguments, it is clear that failure 

of the twisted CNTYs examined here is determined by the (weak) inter-fibril shear strength. 

The specific stress in the axial direction (𝜎𝑧/𝜌, solid line), the negative of the radial strain (𝜀𝑟, solid 

circles), and the radial contraction ratio (𝜈𝑧𝑟, hollow triangles) of a representative CNTY as a 

function of the applied axial strain (𝜀𝑧) are shown in Fig. 3.10a. 𝜎𝑧/𝜌 increases with increased 𝜀𝑧. 

After an initial adjustment in the test rig, such a relationship is fairly linear for 𝜀𝑧 < 5.0 %. 

Nonlinearity is observed for 𝜀𝑧 ≥ 5.0 %. On the other hand, the negative value of 𝜀𝑟 increases (i.e., 

radial contraction) in a nonlinear fashion. This leads to the observed nonlinear behavior of 𝜈𝑧𝑟, 

which decreases from a maximum of 5.43 (± 2.48) to 1.08 (± 0.23) at 𝜀𝑧 = 12.8 %. The radial 

contraction ratio of the CNTYs is significantly higher than the Poisson’s ratio of conventional solid 

materials such as metals, polymers, and ceramics, which is in the range between 0.2 and 0.5 

[70,157,158]. As a material property, the thermodynamic limit of the Poisson’s ratio is 0.5 for an 
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isotropic material. However, it is important to point out that the radial contraction ratio of a CNTY 

is not an intrinsic (material) property since it depends not only on the yarn’s material but also on 

its porosity and structural properties. The measured values qualitatively agree with Hearle’s 

observation that yarns would exhibit high radial contraction ratios when the twist angle is small 

and the ratio between the fibril’s tensile modulus to the yarn’s bulk tensile modulus is large [28]. 

Furthermore, this value of 𝜈𝑧𝑟 compares reasonably with the very few values reported for other 

CNTYs. For example, Zhang et al. [29] obtained values of up to 2.7 for draw-twist CNTYs with 

diameters between 1.0 and 10 µm, comprising multiwall CNTs with diameter ranging from 5.0 to 

8.0 nm. In another study, Miao et al. [58] measured 𝜈𝑧𝑟 values as high as 8.0 for dry-spun CNTYs 

with a diameter of 33.1 µm, twist angle of 22.6°, and CNTs consisting of approximately eight walls 

with an outer diameter of ~10 nm and a length of 350 µm. This value of 𝜈𝑧𝑟 = 8.0 was obtained at 

an axial strain of ~3.0 % [58]. The high radial contraction ratio of the CNTYs is mainly due to their 

high porosity, which depends on the twist angle [58]. 

  
(a) (b) 

Fig. 3.10. In situ mechanical response of CNTYs under axial tensile loading with radial contraction 

measured by SEM. (a) Specific stress in the axial direction (𝜎𝑧/𝜌), radial strain (𝜀𝑟) and radial contraction 

ratio (𝜈𝑧𝑟) of a representative CNTY as a function of axial strain (𝜀𝑧), (b) measured 𝜈𝑧𝑟  as a function of 𝜀𝑧, 

including the fitting curve given by Eq. (3.1). 

During axial loading, the fibrils stretch and slip in the direction of the applied load, which generates 

untwisting (decrease in twist angle, Fig. 1.6) and lateral compression, pressing the fibrils together. 

This closes the gaps between fibrils and thus reduces the diameter of the CNTY. However, there is 

a limit to the relative motion of the fibrils due to packing and friction among them. At low axial 

tensile strain (𝜀𝑧 < 2.0 %), the fibrils have more motion freedom due to the higher porosity, which 

causes a high radial contraction (𝜀𝑟) and hence high 𝜈𝑧𝑟. As the axial tensile strain increases the 
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fibrils have progressively less motion freedom due to compaction, which yields a smaller rate of 

radial contraction. It is noteworthy that the degree of packing also depends on the distribution of 

fibril diameter, see e.g., [159]. Therefore, the behavior of 𝜈𝑧𝑟 as a function of 𝜀𝑧 is highly nonlinear, 

attaining lower and more stable values at larger strains (Fig. 3.10b). This behavior can be fit using 

an exponentially decaying function given by, 

𝜈𝑧𝑟 = 𝜈𝑧𝑟∞
+ 𝑐1𝑒

−
𝜀𝑧
𝑑1 + 𝑐2𝑒

−
𝜀𝑧
𝑑2 (3.1) 

where 𝜈𝑧𝑟∞
 = 0.992, 𝑐1 = 30.1, 𝑑1 = 1.96×10-3, 𝑐2 = 2.33, and 𝑑2 = 27.7×10-3. Equation (3.1) results 

in the continuous line fitting the experimental data of 𝜈𝑧𝑟 in Fig. 3.10b. In addition, this equation 

was used as an evolutive input parameter in the model for tensile mechanical behavior discussed 

in section 2.3. For the model input, the values of 𝜈𝑧𝑟 for 𝜀𝑧 < 0.36 % were fixed at 7.91 since there 

are not measured data beneath this point, and Eq. (3.1) largely overshoots the first measured value 

for lower strains. 

3.1.8. Tensile mechanical properties under monotonic loading 

The mechanical response of five CNTY specimens subjected to tensile loading is shown in Fig. 

3.11. It is observed that mechanical response of CNTYs is nonlinear and exhibits increasing 

variability beyond a 0.5 % strain. The CNTYs possess a specific tensile modulus (𝐸/𝜌) of 17.2 (± 

2.8) N/tex. The ultimate (failure) strain (𝜀𝑧𝑢
) and the specific tensile strength (𝜎𝑧𝑢

/𝜌) also exhibit 

variability, with mean values of 𝜀𝑧u
 = 5.75 (± 1.00) % and 𝜎𝑧u

/𝜌 = 677 (± 68) mN/tex. In the case 

of 𝜀𝑧𝑢
, the variability is more apparent, ranging from 4.2 % to 7.0 %. In the literature, the 

mechanical response of the CNTYs for small strains (ca. 𝜀𝑧 < 1.0 %), has been attributed to 

straightening and untwisting of the fibrils/bundles [62,63]. This was confirmed by the correlation 

between the D band peak position of the CNTYs and their axial strain (see section 3.1.6), where 

below 𝜀𝑧 = 0.5 % the D band exhibit negligible peak shifting. For 𝜀𝑧 ≥ 0.5 %, the mechanical 

response of the CNTYs can be attributed to slippage of the fibrils/bundles (see sections 3.1.6 and 

3.1.7). However, CNTYs exhibit a complex mechanical response that depends not only on the 

properties of the fibrils, bundles and CNTs that make up the yarn but also on structural parameters 

[160]. Parameters such as the test length (gage length) of the yarn [60] and strain rate [61] also 

impact its mechanical behavior. 
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Fig. 3.11. Mechanical response of CNTYs under uniaxial tensile loading. 

3.1.9. Cyclic tensile mechanical properties and hysteresis 

The mechanical response of a representative CNTY subjected to cyclic tensile loading up to 𝜀𝑧 = 

1.0 % is shown in Fig. 3.12a. For increased clarity, the response of selected cycles (1, 100, 200, 

and 300) is shown in Fig. 3.12b. It is observed that as the number of cycles increases, the 𝜎𝑧/𝜌 vs. 

𝜀𝑧 curves move towards higher values of specific stress. Similarly, as the number of cycles 

increases, the separation between the loading and unloading curves decreases, i.e., the area between 

loading and unloading curves (the hysteresis loop, 𝐻) decreases. Figure 3.12c shows that the 

residual specific stress (𝜎𝑧Res
/𝜌) of the CNTYs presents some variations from cycle to cycle, but 

overall presents an increasing trend that stabilizes after cycle ~230. When a CNTY is stretched 

beyond certain strain, its structure changes irreversibly, and if this is repeated cyclically continuous 

structural changes are expected. The analysis of the in situ Raman spectra during tensile testing 

(see section 3.1.6) suggests that deformation of the C-C bonds of the CNTs is very small or 

negligible for small strain levels (1.0 % in this case). Thus, the residual specific stress is attributed 

to the structural rearrangement of the fibrils and bundles within the CNTY. In addition, it is 

expected that the CNTY present residual stresses in their fibrils/bundles due to the twisting that is 

applied when they are spun. This explains why the residual value of 𝜎𝑧Res
/𝜌 upon unloading to 

zero strain is different for each cycle. However, above cycle 230 the residual specific stress 

stabilizes around 0.06 N/tex. 
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(a) (b) 

  
(c) (d) 

Fig. 3.12. Mechanical hysteresis of a representative CNTY under cyclic tensile loading up to 𝜀𝑧 = 1.0 %. 

(a) Tensile response of all 300 cycles, (b) tensile response of selected cycles, (c) residual specific stress 

(𝜎𝑧Res
/𝜌), (d) normalized hysteresis (𝐻N). 

It has been demonstrated that CNTYs exhibit internal slippage and stretching of their 

fibrils/bundles, as well as untwisting and reduction in diameter under uniaxial tensile loading (see 

sections 3.1.6 and 3.1.7). As the CNTY is stretched, their fibrils slip and align with the loading 

direction. However, unlike a monotonic tensile test where the stretching and alignment of the fibrils 

are continuous and constant, in the cyclic tensile test the rearrangement and alignment of the fibrils 

is discontinuous and not constant. This could lead to the oscillations in the residual specific stress 

observed in Fig. 3.12c. With each loading cycle, the fibrils and CNT bundles slip and rearrange, 

breaking some of the secondary bonds (van der Waals, dipolar, hydrogen bonding) between them, 

and forming new ones [68,69,161,162]. On the other hand, with each unloading cycle, the 

fibrils/bundles that have kept their original secondary bonds during the loading cycle might return 
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to their initial position, while the fibrils/bundles that formed new secondary bonds move to a new 

location or rearrange [68,69,161,162]. The rate of occurrence of these phenomena has a degree of 

randomness and could be the reason for the oscillatory behavior between subsequent cycles in Fig. 

3.12c. Because of this reason, the normalized hysteresis parameter (𝐻N) shown in Fig. 3.12d also 

presents some oscillations among subsequent cycles, but the decreasing trend with the cycle 

number is marked. 𝐻N starts at ~26 % and decays rapidly with each cycle, until leveling off at ~7.0 

%, above cycle 230. During cycling tensile loading/unloading, the CNT network comprising the 

CNTY changes through attaching/detaching and zipping/unzipping mechanisms [66–68], which 

may contribute to the energy dissipation observed in 𝐻N. The process of unzipping between CNTs 

consumes energy to overcome the van der Waals bonds [69,162], while the zipping process does 

not require energy consumption [162]. Unlike the zipping/unzipping mechanism, the 

attaching/detaching mechanism irreversibly changes the CNT network morphology during each 

loading/unloading cycle [67–69]. Thus, the decrease in 𝐻N with the number of cycles could be due 

to the decrease in the number of fibrils that are rearranging (irreversible changes) in the CNTY. 

Therefore, the fact that the hysteresis remains constant above cycle 230 suggests that there are no 

longer irreversible changes in the internal structure of the CNTY, leaving only the energy 

dissipation by friction. 

Additional cycling experiments were performed, increasing the strain by 0.1 % after each cycle 

until reaching a strain of 1.6 % (16 cycles in total). The response of a representative CNTY 

subjected to cyclic tensile loading under incremental strain is shown in Fig. 3.13a. Although the 

test plan involves 16 cycles, for clarity, the tensile response is shown only for cycles 4, 8, 12, and 

16. It is observed that the stiffness of the CNTY slightly decreases with each cycle, which is due 

to redistribution of the fibrils/bundles after each incremental loading cycle. In addition, as the 

cycles and strain increase, the area between the loading and unloading curves (i.e., the hysteresis 

loop, 𝐻) also increases. This energy dissipation loop reaches 0.68 J/g (tex = g/km; N/tex = kJ/g) or 

0.17 J/cm3 (obtained by dividing 𝐻 by the volumetric mass density of the CNTYs, 𝜌 = 0.25 g/cm3) 

for the last cycle (cycle 16, corresponding to 𝜀𝑧
Max = 1.6 %). 
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(a) 

  
(b) (c) 

Fig. 3.13. Mechanical hysteresis of a representative CNTY under incremental strain cyclic tensile loading. 

(a) Tensile behavior of different cycles, (b) normalized hysteresis (𝐻N), (c) residual specific stress 

(𝜎𝑧Res
/𝜌). 

The increment of the energy dissipation leads to an increase in 𝐻N, as shown in Fig. 3.13b, reaching 

15.4 (± 2.5) % for the last cycle (16). The energy dissipation of the CNTYs leads to a maximum 

value of residual specific stress of 5.06 (± 3.20) mN/tex (at cycle 9, 𝜀𝑧
Max = 0.9 %, Fig. 3.13c). For 

this test, the behavior of 𝜎𝑧Res
/𝜌 varied randomly throughout all the cycles, as shown in Fig. 3.13c. 

The increase in 𝐻N indicates that there is an increase of the irreversible changes in the internal 

structure (rearrangement of fibrils and CNT bundles) of the CNTY. This supports the hypothesis 

that the drop in 𝐻N in the cycles with constant deformation is due to the decrease of the irreversible 

changes in the internal structure of the CNTY, and that the remaining hysteresis is due to the energy 

dissipation by friction. In terms of the dissipated energy density (𝐻/𝜌), the CNTYs reaches a value 
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of 0.06 J/cm3 during the first cycle (𝐻 = 0.24 J/g; N/tex = kJ/g), and above cycle 230, 𝐻/𝜌 remains 

constant around 0.03 J/cm3 (𝐻 = 0.12 J/g). Table 3.4 compares the dissipated energy per unit weight 

of the CNTYs to that of other materials. In Table 3.4, dissipated energy per unit weight of the 

CNTYs was chosen at cycle 250 because at this point both 𝜎𝑧Res
/𝜌 and 𝐻N remain constant. Such 

a compassion suggests that CNTYs are materials with extraordinary energy dissipation capabilities, 

whose specific energy dissipation capability (per unit weight) is comparable to that of carbon steel. 

Table 3.4. Specific (per unit density) dissipated energy of different materials. 

Material 

Dissipated energy 

per unit weight 

(J/g) 

Description Ref. 

CNTYs 0.12 
Obtained by cyclic tensile tests at cycle 250. 

𝜀𝑧
Max = 1.0 %. 

This work 

Carboxylated 

nitrile rubber 
1.89×10-4 

Obtained by cyclic tensile tests. The dissipated 

energy (237.7 J/m3) was divided by the density 

(1.26 g/cm3). 𝜀𝑧
Max = 5.0 %. 

[163] 

A-516 Gr. 70 

carbon steel 
0.23 

Obtained by cyclic tensile tests. The dissipated 

energy (1.79 J/cm3) was divided by the density 

(7.85 g/cm3). 

[164] 

Segmented 

poly(urethane-

urea) fibers 

0.60 

Obtained by cyclic tensile tests. The dissipated 

energy (0.75 J/cm3) was divided by the density 

(1.25 g/cm3). 

[165] 

Sisal 

fiber/polyester 

composite 

3.26×10-3 

Obtained by cyclic tensile tests. The dissipated 

energy (4.6 mJ/cm3) was divided by the density 

(1.41 g/cm3). 

[166] 

 

3.1.10. Electromechanical response under tensile loading 

Before tensile testing, the specific electrical conductivity of the CNTYs (𝜉/𝜌) at 𝜀𝑧 = 0 and room 

temperature (~25 °C) was measured from the tensile coupons, using the distance between 

electrodes (𝐿g = 25 mm, Fig. 2.6), yielding 1211 (± 37) S·cm2/g. The electrical conductivity of the 

CNTYs is governed by the conductivity of the individual CNTs as well as the degree of electrical 

contact (by physical contact or by tunnel effect due to their proximity) between the CNTs and 

among all hierarchical entities comprising the yarn [27,167]. 

The piezoresistive response of the CNTYs subjected to monotonic tensile loading is shown in Fig. 

3.14. The 𝜎𝑧/𝜌 vs. 𝜀𝑧 response (solid circles) starts with a small linear zone and approximately 

around 𝜀𝑧 = 0.5 % presents some degree of nonlinearity. The correlation between the D band peak 
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position of the CNTYs and their axial strain (see section 3.1.6) showed that the mechanical 

response for 𝜀𝑧 < 0.5 % is due to structural changes in the CNTY caused by the straightening and 

untwisting of the fibrils/bundles. Due to the inherent structural variability of the CNTYs, there was 

some variability in 𝜀𝑧𝑢
 among the five replicates tested, reaching values between 2.4 % and 6.3 % 

and presenting a mean value of 𝜀𝑧u
 = 4.55 (± 1.77) %. The CNTYs exhibited values for 𝜎𝑧u

/𝜌 

ranging from 0.84 N/tex to 1.21 N/tex, with a mean value of 𝜎𝑧u
/𝜌 = 994 (± 140) mN/tex. The 

specific tensile modulus (𝐸/𝜌) of the CNTYs is 23.2 (± 8.9) N/tex. Regarding the piezoresistive 

response observed in Fig. 3.14 (empty circles), it is observed that for 𝜀𝑧 ≤ 1.0 %, the fractional 

change of electrical resistance increases almost linearly with increased strain. The gage factor (𝐺𝐹) 

obtained in the range of 0.2 % ≤ 𝜀𝑧 ≤ 1.0 % was 0.36 ± 0.13. For 𝜀𝑧 > 1.0 %, the rate of increase of 

the fractional change of electrical resistance (∆𝑅/𝑅0) increases rapidly and suddenly peaks close 

to failure. Therefore, it is expected that structural changes of the fibrils/bundles within the CNTY 

due to the applied strain play a paramount role in its piezoresistive response. Since CNTYs are 

hierarchical materials with a strong property-structure dependence, there is not a universal 

piezoresistive response for CNTYs. As discussed in section 3.1.7, when a CNTY is subjected to 

tensile loading, its fibrils/bundles stretch and slip in the direction of the applied load, leading to a 

decrease in twist angle and, consequently, a reduction in diameter (Fig. 3.10). This decrease in 

diameter results in reduced porosity (increased packing density), increasing lateral contact between 

fibrils/bundles and decreasing the electrical resistance of the CNTY [52,90,91]. However, the 

slipping of the fibrils/bundles also decreases the length of the lateral contact between them, thereby 

increasing the electrical resistance [52,90,91]. Additionally, the increased distance between 

electrodes implies a higher electrical resistance. These are the phenomena that govern the 

electromechanical response of the CNTYs under uniaxial tensile loading, resulting in increased 

electrical resistance with increased strain. These competing factors can also explain why the 

electrical response of CNTYs is nonlinear, despite their mechanical behavior under tension being 

quite linear. However, in addition to the internal structural rearrangement, the electrical response 

of the CNTYs is also influenced by capacitance and electrical charge accumulation, as discussed 

in section 3.1.11. 
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Fig. 3.14. Electromechanical response of a representative CNTY under uniaxial tensile loading. 

3.1.11. Stress and electrical relaxation responses under tensile loading 

The normalized specific tensile modulus (𝐸/𝐸Max, where 𝐸Max is the maximum value of 𝐸) and 

the normalized electrical resistance (𝑅/𝑅Max , where 𝑅Max is the maximum value of 𝑅) as a function 

of elapsed time (𝑡) of a representative CNTY under constant axial tensile strain (𝜀𝑧 = 1.0 %) are 

shown in Fig. 3.15a. Only measured data are plotted in Fig. 3.15a. Data were measured at a rate of 

1 data/s, so the experimental curves look continuous; the few skipped diamond and circle symbols 

shown in the plots are only included to ease identification. The time 𝑡 = 0 corresponds to the instant 

where 𝜀𝑧 = 1.0 % was first reached and held constant, i.e., where the relaxation test began. It is 

observed that 𝐸/𝐸Max drops rapidly during the first 5 min (inset in Fig. 3.15a), decreases at a lower 

rate until 𝑡 ~ 20 min, and then remains nearly constant. 
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(a) 

  
(b) (c) 

Fig. 3.15. Specific tensile modulus and electrical resistance relaxations of a representative CNTY under 

constant axial tensile strain (𝜀𝑧 = 1.0 %). (a) Normalized specific modulus (𝐸/𝐸Max) and normalized 

electrical resistance (𝑅/𝑅Max) as a function of elapsed time (𝑡), (b) 𝐸/𝐸Max as a function of 𝑡 and its 

fitting to Eq. (2.6) with 𝑛 = 3 (continuous line), (c) 𝑅/𝑅Max as a function of 𝑡 and its fitting to the 

electrical form of Eq. (2.6) with 𝑛 = 3 (continuous line). 

To obtain the relaxation times, the Prony series of Eq. (2.6), was fit to the CNTY relaxation curves 

(Fig. 3.15b and c). In such figures, some measured points (experimental data) have been skipped 

for the sake of clarity in the presentation of the curves. Curve fitting using Eq. (2.6) was initially 

carried out increasing the number of elements (𝑛). The final fitting curves shown were obtained 

using a Prony series with three elements (𝑛 = 3), since the variation obtained by using additional 

elements was less than 1.0 %. The fitting curve of 𝐸/𝐸Max  as a function of 𝑡 is shown in Fig. 3.15b, 

while Table 3.5 shows the three elements (𝑖) of this Prony series. The first two relaxation times (𝜏𝑖, 
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𝑖 = 1, 2), correspond to the first 4 min, indicating that the main structural changes due to relaxation 

occur within this time. 

Table 3.5. Prony series elements for the specific tensile modulus and electrical resistance relaxation of a 

representative CNTY at 𝜀𝑧 = 1.0 %. 

𝒊 

Mechanical parameters Electrical parameters 

𝑬∞/𝝆 = 13.6 MN/tex 𝑹∞ = 560 Ω 

𝑬𝒊/𝝆 (MN/tex) 𝝉𝒊 (s) 𝑹𝒊 (Ω) 𝝉𝒊 (s) 

1 1.21 3.17 5.66 590 

2 1.14 34.2 16.8 2864 

3 0.935 248 45.4 19,285 

 

During axial loading, the fibrils are stretched, untwisted, and slipping occurs, reorganizing the 

yarn’s structure and generating irreversible conformational changes. This rearrangement is not 

instantaneous but requires some time. Therefore, when the strain is held constant, it is expected 

that some CNTs, bundles, and fibrils continue rearranging for a certain time. This process is 

stochastic, as it involves a random progression of inter-fibril/bundle slipping between neighbours. 

However, the most stretched fibrils at the yarn’s surface are expected to be the first to slip. This is 

due to the lower packing density and lower compressive transverse stress experienced by the fibrils 

at the yarn’s surface, compared to the fibrils at the center of the yarn (see Appendices D.2 and D.3). 

As a result, compressive transverse stress is relieved at the inner sections of the yarn. The release 

of compressive transverse stress allows the internal fibrils to slip as well, since the packing density 

decreases, therefore decreasing the friction between fibrils. This occurs as a rapid chain reaction. 

This process results in the rapid stress relaxation of the CNTY, where the tensile modulus drops 

up to 20 % during the first 5 min, and then drops only ~2.0 % more for the next 10 min. In the case 

of 𝑅/𝑅Max  (Fig. 3.15c), the electrical resistance decreases as the stress reduces, but it does not 

decrease at the same rate as the normalized specific tensile modulus (horizontal axes of Fig. 3.15b 

and c). According to Fig. 3.15, the structural rearrangement occurs faster than the electrical one, 

and electrical equilibrium takes longer than the structural one. The electrical resistance keeps on 

decreasing exponentially even after the specific tensile modulus has reached a plateau. For 

instance, the specific tensile modulus reaches ~67 % (1/𝑒) of its total relaxation within 33 s, 
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whereas the electrical resistance reaches the same percentage of its total relaxation after ~189 min. 

This decrease in electrical resistance persists for around 20 h, and then levels off. The fitting curve 

of 𝑅/𝑅Max  as a function of 𝑡 is shown in Fig. 3.15c and the fitting coefficients are shown in Table 

3.5. In Table 3.5, all relaxation times of 𝑅 are far greater than those for 𝐸/𝜌. In this case, the first 

two relaxation times (𝜏𝑖, 𝑖 = 1, 2), correspond to the first 48 min, and during this time 𝑅 has fallen 

only around 4.0 %. This behavior implies that not only internal restructuring of the fibrils, bundles, 

and CNTs affects the electrical resistance of the CNTYs. The radial contraction during stretching 

(see section 3.1.7) and its gradual relaxation is expected to affect the electrical response of CNTYs. 

At the bundle level, frictional sliding between fibrils occurs over time, which causes relaxation. 

Furthermore, at smaller scales, stretched and untangled CNTs and their bundles may also break 

their secondary bonds over time. However, the fact that electrical relaxation times are far longer 

than mechanical ones implies that not only internal restructuring of the fibrils and CNTs affects the 

electrical resistance of the CNTYs. According to the Wiechert’s model used, CNTYs exhibit a 

resistive-capacitive (RC) behavior, where the electrical conductivity of the effective RC circuit 

decreases exponentially over time. This is because the electrical properties of bundles of CNTs are 

different to those of individual CNTs [168]. CNT bundles accumulate electrical charge, and this 

leads to electrical charge polarization and charge carrier relaxation phenomena. In CNTYs, groups 

of CNT bundles and fibrils are separated by empty spaces that could be filled with amorphous 

carbon, air, moisture, or residues of catalyst particles. This effectively create micro- and meso-

capacitors, inducing polarization and influencing their time-dependent charge transport properties 

[169]. 

3.1.12. Constrained thermoresistive response 

The constrained (inside the DMA tensile test rig) thermoresistive response of a representative 

CNTY is shown in Fig. 3.16. It is observed that the fractional change of electrical resistance 

(∆𝑅/𝑅0) of the CNTY decreases linearly with temperature (𝑇) up to ~100 °C during heating. 

Around this temperature (100–160 °C), there is a marked step upwards in ∆𝑅/𝑅0 towards positive 

values (which was present in all replicates tested) that continues until ~160 °C. The thermoresistive 

curve continues with a similar negative slope thereafter. According to the TGA reported in section 

3.1.4, the CNTY loses up to ~13 % in weight during heating from 30 to 400 °C. Important mass 

losses (~5.0 %) occur between 100 and 160 °C which is the temperature interval where a marked 

step in ∆𝑅/𝑅0 is observed in Fig. 3.16. Mass losses at temperatures below 400 °C are attributed to 
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evaporation of the densifier (acetone) used in the CNTY synthesis and adsorbed moisture [170], 

and probably to the degradation of amorphous carbon and other carbonaceous forms [170–172]. 

The evaporation of functional groups and byproducts (mass loss) of the CNTY likely causes 

rearranging of their CNT bundles and changes in porosity, leading to a sudden change in electrical 

resistance. Decrease in the electrical resistance of the CNTYs with temperature is a negative 

thermoresistive response, which has been previously observed for unconstrained CNTYs 

[173,174]. As temperature increases, the density and mobility of electric charge carriers also 

increase, resulting in a quasilinear drop in the electrical resistance of individual CNTs that make 

up the CNTY [27,173]. This mechanism has also been proposed as the governing thermoresistive 

mechanism of pitch-based carbon fibers [33,36,46]. In order to quantify the thermoresistive 

sensitivity of the CNTYs, the temperature coefficient of resistance (𝛽𝑖) was obtained from the slope 

of the linear fit of the ∆𝑅/𝑅0 vs. temperature changes (∆𝑇 = 𝑇 − 𝑇0, where 𝑇0 = 30 °C) curve in 

the three temperature intervals indicated in Fig. 3.16. In the 0 ≤ ∆𝑇 ≤ 50 K range, the CNTYs 

present a value of 𝛽1 = -8.63×10-4 (± 0.79×10-4) K-1. After the step in ∆𝑅/𝑅0, 𝛽2 = -7.78×10-4 (± 

1.80×10-4) K-1 is measured in the 130 K ≤ ∆𝑇 ≤ 250 K interval. This means that the thermoresistive 

response is indeed very similar in the full temperature range examined, except in the interval 

between 100 °C and 160 °C, where the sudden step is observed. Additionally, the cooling curve 

exhibits a linear behavior throughout the entire range, with 𝛽3 = -7.26×10-4 (± 0.05×10-4) K-1. The 

proximity of the numerical results for 𝛽1, 𝛽2 and 𝛽3 reinforces the observation of a quasi-linear 

thermoresistive behavior of the CNTY for the full temperature range, upon heating and cooling. 

The average values of the temperature coefficient of resistance, 𝛽1, 𝛽2 and 𝛽3, are comparable (a 

bit smaller) to those reported for similar CNTYs under unconstrained (free) conditions, e.g., -

9.46×10-4 K-1 [173] and -12×10-4 K-1 [175]. The difference may be ascribed to the boundary 

conditions (constrained or not) used in each experiment. 
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Fig. 3.16. Constrained thermoresistive response of a representative CNTY. 

3.1.13. Dynamic mechanical response 

The DMA tensile response of the CNTYs as a function of temperature (𝑇) is shown in Fig. 3.17a. 

The DMA test shown in Fig. 3.17a was conducted under uniaxial tensile cyclic loading at 1 Hz, 

with a heating rate 5 °C/min and a static force (𝐹𝑧S
) of 18 mN. The effects of static force, frequency, 

preheating, and heating rate are discussed in Appendix A. It is observed that the storage modulus 

(𝐸′) decreases from ~100 GPa (specific storage modulus, 𝐸′/𝜌 = 0.27 N/tex) to ~15 GPa (𝐸′/𝜌 = 

0.04 N/tex). The loss modulus (𝐸′′) varies between 7.0 GPa (specific loss modulus, 𝐸′′/𝜌 = 0.02 

N/tex) and 18 GPa (𝐸′′/𝜌 = 0.05 N/tex). From -50 to ~130 °C, 𝐸′ decreases rapidly with increasing 

temperature. After 130 °C, 𝐸′ remains almost constant. This quick decrease in 𝐸′ at low 

temperatures is different from other materials such as polymers, where 𝐸′ typically decreases 

slowly until the glass transition temperature of the polymer [66]. This is because in the glassy state, 

polymer segments become more mobile given the softening of the material [176]. In the case of 

CNT assemblies (CNTYs), the change in 𝐸′ with temperature is due to restructuring at the CNT 

and CNT bundle level [65–67]. For the same range of temperatures, the loss modulus (𝐸′′) remains 

nearly constant, which yields a damping ratio (tan(𝛿) = 𝐸′′/𝐸′ = (𝐸′′/𝜌)/(𝐸′/𝜌)) which increases 

steadily from ~0.2 to ~0.6 up to 60 °C, and then oscillates around ~0.6 for higher temperatures. 

Notice that 30 DMA tests were conducted in the whole test plan (see Table 2.1). Only selected 

results are shown, and the results showed some degree of specimen-to-specimen scattering (see 
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Fig. A.1). The variability observed in the dynamic mechanical response is associated with the non-

homogeneous fiber architecture, due to the current state of the art of synthesis methods. 

  
(a) (b) 

Fig. 3.17. Tensile DMA response of representative CNTYs. (a) Response as a function of temperature (𝑇), 

(b) response as a function of frequency (𝑓). 

It is well known that the damping ratio of traditional materials such as polymers and metals is 

temperature-dependent, due to phase changes (e.g., glass or melt transitions). However, the 

damping ratio of CNT assemblies, such as CNTYs, depends chiefly on structural changes of its 

hierarchical structure [66,67]. According to the TGA in Fig. 3.5, the onset of CNT thermal 

degradation occurs around 550 °C, so the sharp changes in 𝐸′ below 130 °C cannot be explained 

by material property degradation. Instead, alignment and rearranging of the bundles and fibrils 

comprising the yarn, sliding and slippage between bundles/fibrils (stick-slip motions), and 

zipping/unzipping at CNT connections have been recognized as mechanisms affecting the dynamic 

mechanical response of CNT assemblies [65,66]. As evidenced by the correlation between the 

Raman spectra of the CNTYs and their axial strain in section 3.1.6, the C-C bond stretching is 

small. Thus, tensile loading of the CNTY should be governed by the structural mechanisms 

discussed in sections 3.1.6 and 3.1.7. This is because less energy is required to break the secondary 

bonds and disentangle the fibrils/bundles, than to break the C-C bonds of the CNTs. All these 

mechanisms are expected to be affected by temperature. TGA (see section 3.1.4) also shows that, 

if the yarn is not preheated, certain byproducts suffer thermal degradation below 130 °C. Therefore, 

the thermal transformation of such byproducts may be further affecting the structural changes 

expected at the bundle level and changing the porosity of the yarn. This phenomena may facilitate 

CNT bundles relaxation through slipping [67]. As a result, CNT bundles (and CNTs) begin to orient 

parallel to the loading direction (the twist angle decreases), decreasing the contacts between CNT 
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bundles and, therefore, the inter-bundle friction. This causes 𝐸′ to decrease since the load transfer 

between two adjacent bundles is affected by the number of contacts between them [177]. On the 

other hand, 𝐸′′ remains almost constant or with a slightly increasing trend, until a temperature of 

~65 °C is reached. This is explained by attachment-detachment of the CNTY bundles originated 

by the increase and decrease of contact points, until a relative stable value is reached. Once this 

critical temperature is reached (𝑇 > 65 °C in this case), the bundles reach the maximum level of 

relaxation, so 𝐸′′ levels off. It may also be possible that some large hydrocarbon chains reside on 

the surface of the CNTs grown by chemical vapor deposition, and they start to flow around this 

temperature. 

The DMA tensile response of the CNTYs as a function of frequency (𝑓) for 𝑇 = 30 °C is shown in 

Fig. 3.17b. Frequency responses for different temperatures are shown in Appendix A.2. Results 

indicate a shift of 𝐸′ towards lower values and of 𝐸′′ towards higher values as the temperature 

increases, consistent with the results of Fig. 3.17a. A frequency-independent response of the yarn 

with only random oscillations was observed for frequencies smaller than 18 Hz (results not shown). 

After 18 Hz, both 𝐸′ and 𝐸′′ increase with increased frequency, indicating a frequency-stiffening 

behavior. The results indicate that energy dissipation mechanisms become more prominent as 𝑓 

increases. 𝐸′′ has a higher rate of increase (up to ~700 % at 48 Hz) than 𝐸′ (up to ~250 % at 48 

Hz), which results in the increase of tan(𝛿) with increased 𝑓. The damping ratio goes from ~0.40 

at 18 Hz to 1.20 at 48 Hz. This is a very high damping ratio, indicating that the CNTY is an 

outstanding energy dissipation material. Materials with high energy dissipation capabilities have 

been reported with damping ratios of 0.42 at 200 Hz for CNT arrays [65], ~0.10 at 50 Hz for 

ethylene glycol-densified CNT fibers [67], and ~0.09 at 10 Hz for nylon yarns [67]. The energy 

dissipation mechanisms are governed by structural (rather than material) mechanisms (see section 

3.1.6). During tensile loading/unloading cycles, the CNTs within the bundles are reversibly 

attached and detached through zipping/unzipping mechanisms [66,69,162]. This mechanism is one 

of the causes of energy dissipation since the process of unzipping between CNTs and their 

bundles/fibrils consume energy to overcome the van der Waals forces [69,162], while the zipping 

process does not require energy consumption [162]. Another mechanism that likely contributes to 

dissipate energy in the CNTY is the detaching/attaching process [67,69]. Unlike the 

zipping/unzipping mechanism, the detaching/attaching mechanism irreversibly changes the CNT 

network morphology during each loading/unloading cycle. The inter-bundle friction plays a very 
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important role in the energy dissipation mechanisms. As contact between fibrils/bundles increases 

(e.g., by increasing the twist angle or decreasing the porosity), slipping dissipation increases 

[66,67]. This mechanism is also strain rate-dependent [61]. For low strains rates (i.e., low 

frequency), the CNT bundles have enough time to align longitudinally and relax [61]. As the 

frequency increases, the CNTs and CNT bundles relaxation through slipping turns into a slow 

process compared with the loading rate, and therefore, the strain re-distribution becomes more 

difficult [61]. 

3.1.14. Electrical response during dynamic mechanical analysis 

The coupled DMA and electrical response of representative pristine (Fig. 3.18a) and preheated 

(Fig. 3.18b) CNTYs during DMA testing are shown in Fig. 3.18 as a function of temperature (𝑇). 

From Fig. 3.18a, it is observed that the storage modulus (𝐸′) of the pristine CNTYs decreases up 

to ~70 % with increasing temperature from 30 to ~170 °C, while the loss modulus (𝐸′′) decreases 

up to ~80 % with increasing temperature from 30 to ~90 °C. From 90 °C, 𝐸′′ decreases more 

gradually and tends to level off. On the other hand, the loss modulus of the preheated CNTY (Fig. 

3.18b) remains almost constant with increasing temperature, while the storage modulus decreases 

up to ~40 % at 120 °C. After ~120 °C, 𝐸′ remains almost constant. 𝐸′ of the pristine CNTY is ~2.8 

times higher than that of the preheated yarns at 30 °C, but the pristine CNTYs broke at ~170 °C, 

while preheated CNTYs did not break during DMA testing. The explanation of the DMA response 

of the CNTY may be assisted by TGA (see section 3.1.4). They indicated that, when they are not 

previously heated, the CNTYs continuously lose mass during heating up to 350 °C. As the 

temperature increases, the thermal transformation of the hydrocarbon functional groups and 

byproducts in the CNTY may further affect the structural changes at the bundle level and porosity 

of the yarn, which facilitates the CNT bundles relaxation through slipping [67]. This may explain 

why the preheated CNTYs have a lower 𝐸′ at the beginning of the DMA. At the same time, the 

loading/unloading cycles gradually changes the structure of the CNTY (twist angle, porosity, 

diameter, etc.), and this dynamic/friction effect convoluted with the thermal degradation of 

synthesis byproducts may yield the faster decrease in 𝐸′ during the low temperature range of the 

DMA test. The analysis of tensile hysteresis (see section 3.1.9) and the in situ Raman spectroscopy 

during tensile testing (section 3.1.6) showed that the CNTYs undergo irreversible structural 

changes during the loading/unloading cycles. In this sense, the thermal degradation of 
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hydrocarbons could be contributing to the hysteresis increase of the CNTYs, and therefore, causing 

its breakdown at lower temperatures. 

  
(a) (b) 

Fig. 3.18. Electrical response of representative CNTYs during DMA testing. (a) Pristine CNTY,            

(b) preheated CNTY (tested after the constrained thermoresistive characterization). 

During DMA testing, the fractional change of electrical resistance (∆𝑅/𝑅0) of the CNTY decreases 

as the temperature increases, following the trend of 𝐸′ (Fig. 3.18a). Notice that ∆𝑅/𝑅0 exhibits 

small oscillatory variations in the readings, which were observed in all DMA tests but not observed 

in the thermoresistive response (Fig. 3.16). Thus, it is believed that these oscillations in ∆𝑅/𝑅0 are 

related to experimental noise associated with the oscillatory character of the DMA test, and the 

large electrical sensitivity of the CNTY (see section 3.1.10). 

To assess the contribution of thermoresistivity to the electrical response of the CNTY during DMA 

testing, the temperature coefficients of resistance were also obtained from the ∆𝑅/𝑅0 vs. ∆𝑇 curves 

of the DMA in Fig. 3.18. The temperature coefficient of resistance of the pristine CNTYs obtained 

during DMA testing in the 0 ≤ ∆𝑇 ≤ 50 K range, was 𝛽Pri
DMA = -9.83×10-4 (± 3.25×10-4) K-1. The 

temperature coefficient of resistance of the preheated CNTYs during DMA testing was obtained in 

the full temperature range as 𝛽Ph
DMA = -6.92×10-4 (± 0.55×10-4) K-1. Both are numerically similar to 

𝛽1 = -8.63×10-4 (± 0.79×10-4) K-1 and 𝛽3 = -7.26×10-4 (± 0.05×10-4) K-1 calculated from the 

thermoresistive response of Fig. 3.16. This fact indicates that the decrease in electrical response of 

CNTY during DMA testing is governed by its negative thermoresistivity, with small oscillations 

in ∆𝑅/𝑅0 superimposed given the oscillatory nature of the DMA test. 
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3.1.15. Electromechanical response under tensile loading at different temperatures 

The mechanical response of the CNTYs subjected to monotonic tensile loading at different 

temperatures (𝑇 = 25, 80, and 120 °C) is shown in Fig. 3.19a. Only the upper and lower curves, 

which enclose the behavior of the other specimens at their respective temperatures, are included in 

Fig. 3.19. It is observed that the mechanical response varies depending on temperature. The 

ultimate (failure) axial tensile load of the CNTYs (𝐹𝑧u
), and thus the specific tensile strength 

(𝜎𝑧u
/𝜌), decrease at higher temperatures, but the ultimate (failure) axial tensile strain of the CNTYs 

(𝜀𝑧u
) increases. Additionally, 𝐸/𝜌 (calculated in the 0.2 % ≤ 𝜀𝑧 ≤ 1.0 % range) decreases from 23.2 

(± 8.9) N/tex at room temperature (~25 °C) to 6.55 (± 0.98) N/tex at 120 °C. As was observed in 

TGA (Fig. 3.5), the CNTY lose mass during heating up to 300 °C. As the temperature increases, 

the thermal transformation of the hydrocarbon functional groups and by-products in the CNTY 

may further affect the structural changes at the fibril/bundle level and porosity of the yarn, which 

facilitates the fibril/bundles relaxation through slipping [67]. This slipping and relaxation of fibrils 

and bundles at elevated temperature may explain why 𝐸/𝜌 decreases at higher temperature. The 

evaporation of densifier (acetone) and moisture (see section 3.1.4) with temperature allows the 

fibrils/bundles to have more space to rearrange, allowing the CNTYs to achieve greater values of 

𝜀𝑧u
. Regarding the piezoresistive response observed in Fig. 3.19b, it is observed that the fractional 

change of electrical resistance (∆𝑅/𝑅0) increases with the strain. However, the curves are noisy, 

and a conspicuous material response is hard to distinguish. At room temperature (~25 °C), the 

CNTYs have a gage factor (𝐺𝐹) of 0.36 (± 0.13) in the 0.2 % ≤ 𝜀𝑧 ≤ 1.0 % range. For 𝜀𝑧 > 1.0 %, 

∆𝑅/𝑅0 increases rapidly and suddenly peaks close to failure. Therefore, it is expected that 

structural changes of the fibrils/bundles within the CNTY due to the applied strain play a 

paramount role in its piezoresistive response. Since CNTYs are hierarchical materials with a 

strongly property-structure dependence, there is not a universal piezoresistive response for CNTYs. 

When a CNTYs is stretched, an increase in the number of contacts between fibrils/bundles is 

expected due to the decrease in diameter (see section 3.1.7) and porosity, which generates a 

decrease in electrical resistance. This phenomenon causes negative piezoresistivity, which has also 

been observed for very low strain rates [91]. However, during stretching the distance between 

electrodes also increases, and thus the contact length of the fibrils/bundles decreases [52,90,91]. 

This is the physical phenomenon that governs the piezoresistive response of the CNTYs in our 

case. When the CNTYs are tested at a higher temperature, a slight tendency to increase ∆𝑅/𝑅0 
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with temperature is also observed. However, the electrical response for 80 and 120 °C is noisy, 

making it difficult to draw clear conclusions. Therefore, only the 𝐺𝐹 at 25 °C is reported. A 

summary of all the physical properties of the CNTYs obtained in this work can be found in Table 

F.1 of Appendix F. 

  
(a) (b) 

Fig. 3.19. Electromechanical response of CNTYs under uniaxial tensile loading at different temperatures. 

(a) Mechanical response, (b) electrical response. 

The specific electrical conductivity of the CNTYs (𝜉/𝜌) at zero strain was measured at different 

temperatures in the specimens for tensile testing, using the distance between electrodes (𝐿g = 25 

mm, Fig. 2.6). At room temperature (~25 °C), 𝜉/𝜌 = 1211 (± 37) S·cm2/g, but it increases with 

increasing temperature, up to 1237 (± 18) S·cm2/g at 120 °C. The electrical conductivity of the 

CNTYs is dictated by the conductivity of the individual CNTs as well as the degree of electrical 

contact (by physical contact or by tunnel effect due to their proximity) between the CNTs and all 

the hierarchical entities comprising the yarn [27,167]. In addition, the thermoresistive of the 

CNTYs also plays an important role in the specific electrical conductivity. As temperature 

increases, the density and mobility of electric charge carriers also increase, resulting in a quasilinear 

drop in the electrical resistance of individual CNTs that make up the CNTY [27,173]. This 

mechanism has also been proposed as the governing thermoresistive mechanism of pitch-based 

carbon fibers [33,36,46]. 
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3.2. Property-structure relationships inferred from modeling 

The specific stress response in the axial direction (𝜎𝑧/𝜌 = 𝐹𝑧/𝜌L) of a CNTY subjected to axial 

tensile strain (𝜀𝑧) obtained using Eq. (2.13) with the input parameters shown in Table 1.1 is 

compared here to the results of a tested CNTY presented in Fig. 3.20a. The experimental curve was 

selected from the five replicate tests shown in Fig. 3.11. The axial tensile test corresponds to 

CNTYs of 33.3 µm diameter with a gage length of 25 mm and strain rate of 0.5 mm/min, as describe 

in section 2.2.7. The model successfully captures the overall tensile nonlinear response of the 

CNTY. However, it does not fully reproduce the sudden changes in slope observed in the 𝜎𝑧/𝜌 vs. 

𝜀𝑧 curve. This discrepancy could be attributed to the modeling assumptions, unmeasured input 

parameters, and the current limitations of the analytical deterministic model. Additionally, it is 

important to consider the natural variability of the mechanical response of CNTYs, as the model 

only utilizes mean values. The CNTs, bundles, and fibrils that constitute a CNTY have randomly 

varying structural dimensions and material properties, statistical distribution of lengths, and some 

of them have different orientations with respect to the twist angle within the yarn (see section 

3.1.1). Additionally, each fibril has a different number of bundles and CNTs. This randomness 

makes the true mechanical response of CNTYs a stochastic process, which has been simulated 

using, for example, by using Monte Carlo approaches [74,77]. Nevertheless, the close agreement 

between the results obtained using Eq. (2.13) and experimental data indicates that the model is 

effective in capturing the fundamental aspects of the mechanical response of CNTYs. Therefore, it 

can be utilized to analyze the parameters that are the most influential on the axial mechanical 

response of CNTYs. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 3.20. Tensile mechanical response of CNTYs, obtained from Eq. (2.13). (a) Comparation of modeling 

results with experimental data, (b) effect of radial contraction ratio (𝜈𝑧𝑟), c) effect of slip factor (𝑘),       

(d) effect of coefficient of friction (𝜇), (e) effect of fibril radius (𝑟f), (f) effect of fibril length (𝐿f). 
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The effect of the radial contraction ratio (𝜈𝑧𝑟), slip factor (𝑘), coefficient of friction (𝜇), fibril radius 

(𝑟f), and fibril length (𝐿f) are shown in Fig. 3.20b–f. The curves depicted in these figures were 

generated by using the baseline parameters listed in Table 1.1 and varying only the specified 

parameter at the time within physically plausible ranges. In Fig. 3.20b, five additional curves were 

obtained using constant values of the radial contraction ratio. Those values were selected between 

the lower and upper bounds listed in Table 1.1. As 𝜈𝑧𝑟 increases, the response curve exhibits a 

more pronounced nonlinear behavior. The specific stress reached at a given strain level first 

increases with increased 𝜈𝑧𝑟, but reaches a maximum for 𝜈𝑧𝑟 = 2.45. For higher values of 𝜈𝑧𝑟, the 

specific stress gradually decreases with further increments of 𝜈𝑧𝑟. This indicates that complex 

competing phenomena influence the mechanical response of the CNTYs. On the one hand, higher 

values of 𝜈𝑧𝑟 imply greater radial contraction as 𝜀𝑧 increases. This leads to higher values of packing 

density (𝜌𝑟, Eq. (2.14)) and, consequently, higher compressive transverse stress (𝑃, Eq. (2.17)), 

which in turn reduces the slippage ratio of the fibrils (𝜆, Eq. (2.16)). As a result, this increases the 

stress in the fibrils (𝜎𝑧f
), and therefore, increases 𝜎𝑧/𝜌 with increased 𝜈𝑧𝑟. On the other hand, higher 

values of 𝜈𝑧𝑟 means lower 𝑟ext. According to Eq. (2.13) this means a lower 𝐹𝑧, which yields reduced 

specific stress (𝜎𝑧/𝜌 = 𝐹𝑧/𝜌L). The result of these competing parameters give rise to the nonlinear 

and nonmonotonic behavior of 𝜎𝑧/𝜌 with 𝜈𝑧𝑟 observed in Fig. 3.20b. From a modeling perspective, 

the ideal (more realistic) approach involves using an experimentally fit equation for 𝜈𝑧𝑟 such as 

Eq. (3.1), which updates the value of 𝜈𝑧𝑟 at each value of applied strain. If the actual measurement 

of 𝜈𝑧𝑟 as a function of applied strain is not carried out, based on the findings of Fig. 3.20b, it is 

recommended to use 𝜈𝑧𝑟 close to 5.4 to achieve more accurate results, at least for this type of 

twisted yarns. 

The slip factor (Fig. 3.20c) also has a strong influence on the mechanical response of the yarn. The 

CNTY stiffness increases with increased slip factor. Additionally, the nonlinearity of the response 

increases with increased slip factor, resulting in a decrease in specific stress at high values of strain 

for 𝑘 = 0.44. As 𝑘 approaches 0.50, the fibril tensile modulus increases (see Appendix D.1), 

resulting in an increase in the stiffness of the CNTY. By substituting the slippage ratio from Eq. 

(2.16) into Eq. (2.15), it is observed that the fibril stress is a quadratic function of the fibril tensile 

modulus and of the axial tensile strain. Therefore, it is expected that once a certain level of strain 

is reached, the specific stress ceases to increase due to an increase in fibril slip. This is because the 

fibrils slip along their interface and are more likely pulled out rather than fully stretched or broken, 
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given their high modulus/strength and weak interfacial strength [55,151,152]. In the case of the 

coefficient of friction of the fibrils (𝜇), the curves shown in Fig. 3.20d were obtained using constant 

values of 𝜇, selected from their lower and upper bounds in the model. This includes a smaller and 

a higher value to encompass the potential range of the coefficient of friction. The slip factor (𝑘) is 

related to the coefficient of friction (𝜇) through Eq. (2.12). It is also important to mention that, for 

the sake of examining the effect of 𝜇, the value of 𝑘 was fixed at 0.37 for the parametric analysis 

(see Table 1.1). Given that 𝑘 was held constant, a weak dependence of 𝜇 is observed for 𝜀𝑧 < 4.0 

%. However, for higher levels of strain, 𝜎𝑧/𝜌 increases as 𝜇 increases. Thus, for the parametric 

analysis varying the fibril radius (Fig. 3.20e) and fibril length (Fig. 3.20f), 𝑘 = 0.37 and 𝜇 = 1.16𝑄 

were used (see Table 1.1). From Fig. 3.20e and f it is seen that the decrease in fibril radius and 

increase in fibril length leads to a stronger and stiffer mechanical response. According to Eq. (2.16), 

as the fibril radius decreases, the slippage ratio also decreases due to the increased surface area 

between the fibrils. This enhances load transfer between fibrils. Similarly, longer fibrils enable 

more efficient load transfer, as it is well known for short-fiber reinforced composites. 

The effect of varying the radial packing density, compressive transverse stress, and fibril axial 

strain through the radius of the CNTYs are shown in Appendices D.2, D.3, and D.4, respectively. 

According to the analysis of this section, the radial contraction ratio (𝜈𝑧𝑟) and the slip factor (𝑘) 

are the parameters that have the most impact on the mechanical response of the CNTYs. 

3.3. Tensile mechanical and electromechanical properties of monofilament 

composites 

As the second hierarchical level of study, monofilament composites (Fig. 2.12) were manufactured 

as described in section 2.4.1. These composites were divided into four types of specimens, as 

outlined in Table 2.3. The composites labeled as VER correspond to specimens made of neat resin. 

VER+Cu corresponds to specimens made of VER with copper electrodes, but without CNTY. 

CNTY/VER corresponds to specimens made of VER and a single CNTY, while CNTY/VER+Cu 

corresponds to specimens made of VER and CNTY with copper electrodes. Before tensile testing 

(see section 2.4.2), the specific electrical conductivity of the CNTYs (𝜉/𝜌) in the monofilament 

composites at zero strain was measured, using the distance between electrodes (10 mm, Fig. 2.12b), 

in order to study the impact of the VER on the electrical properties of the CNTYs. The specific 

electrical conductivity of the CNTYs decreased from 1211 (± 37) S·cm2/g (see section 3.1.10) to 

1065 (± 30) S·cm2/g, once the CNTY became part of the monofilament composites. This 12.1 % 
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decrease in 𝜉/𝜌 (corresponding to ∆𝑅/𝑅0 = 13.7 %, taking 𝑅0 as the electrical resistance of the 

individual CNTYs) is mainly attributed to resin infiltration. Similar increases of ∆𝑅/𝑅0 (~9 %) 

have been observed when the CNTY was embedded in epoxy resin [13,93]. The change in ∆𝑅/𝑅0 

of CNTYs resulting from their integration into polymeric resins depends on various factors, such 

as the type of resin and the curing program [93]. When the VER in its liquid state and is poured 

into the mold along with the CNTY during the manufacturing of monofilament specimens (see 

section 2.4.1), VER infiltrates through the CNTY pores. In this process, the VER fills the empty 

spaces within the yarn yielding slight yarn swelling by opening fibril/bundle junctions [92]. This 

leads to an increase in electrical conductivity due to the tunnel effect in the CNTY, as the potential 

barrier between CNT bundles increases. The residual stresses in the VER after curing also affect 

the electrical resistance of the CNTYs [13,93]. 

The mechanical behavior of a VER specimen and the electromechanical response of a 

CNTY/VER+Cu under axial tensile strain (𝜀𝑥) are shown in Fig. 3.21a and b, respectively. It is 

observed that the axial stress (𝜎𝑥) increases with a linear tendency with 𝜀𝑥. The strain fields on the 

specimens (inserts in Fig. 3.21a and b) are uniform. The specimens exhibited brittle failure failing 

in the central zone, without showing evident gradients in the strain fields. However, the VER+Cu 

and the CNTY/VER+Cu specimens predominantly failed in the areas where the internal electrodes 

were fixed. In Fig. 3.21b, it is observed that ∆𝑅/𝑅0 increases linearly with the increase in 𝜀𝑥, 

following the mechanical behavior of the CNTY/VER+Cu specimens. This indicates a correlation 

between the electrical response of the CNTYs and the mechanical response of the composites, with 

the CNTYs exhibiting a gage factor of 0.41 (± 0.06). This value is slightly higher than the 𝐺𝐹 

presented by the individual CNTYs (0.36 ± 0.13, see section 3.1.10). This demonstrates the initial 

usefulness of the concept of CNTYs for structural health monitoring applications in polymeric 

composites. 
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(a) 

 
(b) 

Fig. 3.21. Electromechanical response of different monofilament composites under uniaxial tensile 
loading. (a) Representative mechanical response of the VER specimen, (b) representative 

electromechanical response of the CNTY/VER+Cu specimen. 
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The tensile failure strain (𝜀𝑥u
M ) and the tensile strength (𝜎𝑥u

M ) of the specimens are shown in Fig. 

3.22a and b. It is observed that the addition of the CNTYs and the electrodes does not decrease the 

mechanical properties of the composites. The same applies to the tensile modulus (𝐸M, Fig. 3.22c) 

and the Poisson’s ratio (𝜈𝑥𝑦
M , Fig. 3.22d). This demonstrates that the inclusion of the CNTYs as 

sensors for structural monitoring applications does not compromise the mechanical properties of 

the composites. Table 3.6 summarizes the electromechanical properties of the monofilament 

composites. 

  
(a) (b) 

  
(c) (d) 

Fig. 3.22. Electromechanical properties of the monofilament composites under uniaxial tensile loading.   

(a) tensile failure strain (𝜀𝑥u
M ), (b) tensile strength (𝜎𝑥u

M ), (c) tensile modulus (𝐸M), d) Poisson’s ratio (𝜈𝑥𝑦
M ). 
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Table 3.6. Electromechanical tensile properties of the monofilament composites. 

Specimen Property Mean value (standard deviation) 

VER 

𝜀𝑥u
M  1.62 (± 0.47) % 

𝜎𝑥u
M  49.1 (± 14.6) MPa 

𝐸M 3.44 (± 0.13) GPa 

𝜈𝑥𝑦
M  0.368 (± 0.012) 

VER+Cu 

𝜀𝑥u
M  1.37 (± 0.85) % 

𝜎𝑥u
M  36.8 (± 16.2) MPa 

𝐸M 3.55 (± 0.11) GPa 

𝜈𝑥𝑦
M  0.373 (± 0.009) 

CNTY/VER 

𝜀𝑥u
M  0.71 (± 0.19) % 

𝜎𝑥u
M  25.1 (± 3.7) MPa 

𝐸M 3.25 (± 0.18) GPa 

𝜈𝑥𝑦
M  0.386 (± 0.003) 

CNTY/VER+Cu 

𝜀𝑥u
M  1.48 (± 0.29) % 

𝜎𝑥u
M  50.2 (± 6.9) MPa 

𝐸M 0.42 (± 0.04) GPa 

𝜈𝑥𝑦
M  0.413 (± 0.048) 

𝜉 266 (± 7) S/cm 

𝜉/𝜌 1065 (± 30) S·cm2/g 

𝐺𝐹 0.46 (± 0.11) 
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3.4. Structural health monitoring of laminated composite panels under 

compression loading 

3.4.1. Compression response and failure mode 

The CNTYs were integrated into laminated composites panels (Fig. 2.13) made of GFW and VER 

to assess their performance for SHM applications, as described in section 2.5.1. The labels 

GFW/VER correspond to the panels without debonding, GFW/VER-D25 correspond to the panels 

with a circular debond of 25 mm diameter, and GFW/VER-D50 correspond to the panels with a 

circular debond of 50 mm diameter. If the label includes the term “+CNTY”, it indicates that the 

panel has the CNTY array for SHM. The mechanical response of the laminated composite panels 

under compression loading is shown in Fig. 3.23a. It is observed that the compression stress (𝜎𝑦) 

of all the panels, whether with or without debond, increases in an approximately linear fashion with 

the axial strain (𝜀𝑦). During testing, the panels experienced buckling, as is shown in Fig. 3.23b. 

The out-of-plane displacement (∆𝑧C) depicted in Fig. 3.23b was measured at the center of the panels 

using DIC. All the panels exhibited similar ∆𝑧C response, with values reaching up to 5.4 mm before 

fully losing their load-bearing capacity. Figure 3.23c illustrates the buckling failure of a 

GFW/VER-D50 panel, serving as a representative example. The buckling experienced by the 

panels can be attributed to their high slenderness ratio, according to the Euler buckling theory 

[178,179]. The panels also exhibited similar compression modulus (𝐸C
P), with mean values of 17.1 

(± 3.3) GPa, 15.6 (± 1.5) GPa, and 16.4 (± 0.2) GPa for the GFW/VER, GFW/VER-D25, and 

GFW/VER-D50, respectively, as shown in Fig. 3.23d. The GFW/VER panels exhibited a 

compressive failure strain (𝜀𝑦𝑢
P ) of 0.69 (± 0.08) % and a compressive strength (𝜎𝑦𝑢

P ) of 102 (± 11) 

MPa. With the introduction of debonding, both 𝜀𝑦u
P  and 𝜎𝑦u

P  decreased to 0.50 (± 0.02) % and 82.9 

(± 5.5) MPa, respectively, for the GFW/VER-D50 panels. The comparison of 𝜀𝑦u
P  and 𝜎𝑦u

P  is shown 

in Fig. 3.23e and f, respectively. Table 3.7 summarizes the compression properties of the laminated 

composites panels. The compressive strength of laminated panels of similar architecture, fiber and 

matrix has been measured as ~380 MPa [180]. According to our estimation of stability of simply-

supported rectangular plates under uniform compression [181], using the elastic properties of this 

composite measured in [182], the buckling stress is ~165 MPa. This value is approximately 43 % 

of the expected compressive strength for this composite (~380 MPa), confirming that panel 

buckling is expected earlier than compression failure in the tested panels. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 3.23. Compressive mechanical behavior of the laminated composite panels. (a) Axial compression 

stress (𝜎𝑦) as a function of strain (𝜀𝑦), (b) out-of-plane displacement measured at the center of the panel 

(∆𝑧C) as a function of 𝜀𝑦, (c) failure mode, (d) compression modulus (𝐸C
P), (e) compression failure strain 

(𝜀𝑦u
P ), (f) compression strength (𝜎𝑦u

P ). 
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Table 3.7. Mechanical compression properties of the laminated composite panels. 

Specimen Property Mean value (standard deviation) 

GFW/VER 

𝜀𝑦u
P  0.69 (± 0.08) % 

𝜎𝑦u
P  102 (± 11) MPa 

𝐸C
P 17.1 (± 3.3) GPa 

GFW/VER-D25 

𝜀𝑦u
P  0.67 (± 0.07) % 

𝜎𝑦u
P  98.3 (± 11.8) MPa 

𝐸C
P 15.6 (± 1.5) GPa 

GFW/VER-D50 

𝜀𝑦u
P  0.50 (± 0.02) % 

𝜎𝑦u
P  82.9 (± 5.5) MPa 

𝐸C
P 16.4 (± 0.2) GPa 

GFW+CNTY/VER 

𝜺𝒚𝐮
𝐏  0.27 (± 0.32) % 

𝜎𝑦u
P  79.8 (± 8.6) MPa 

𝐸C
P 36.7 (± 15.6) GPa 

GFW+CNTY/VER-D25 

𝜀𝑦u
P  0.31 (± 0.34) % 

𝜎𝑦u
P  75.8 (± 13.8) MPa 

𝐸C
P 29.2 (± 13.8) GPa 

 

Post-mortem photographs of the backside of the GFW+CNTY/VER, GFW+CNTY/VER-D25, and 

the GFW/VER-D50 panels after tested under compression loading are shown in Fig. 3.24a-c, 

respectively. There are areas on the panel’s surface where damage is clearly visible. The visible 

damage is more pronounced in the panels with debonds, particularly in the one with the larger 

debond (GFW/VER-D50, Fig. 3.24c). The GFW/VER panels exhibited damage predominantly 

near the top edge (end-crushing), where the load was introduced, as shown in Fig. 3.24a. Panels 

without debond were more susceptible to failure in this area. In contrast, the GFW/VER-D25 panels 

(Fig. 3.24b) and the GFW/VER-D50 panels (Fig. 3.24c) exhibited greater damage in proximity to 

the debond, because of the tendency of the failure mechanism to switch from end-crushing to 

debond buckling. In the case of the GFW/VER-D25 panels, delamination took place around the 

debond or in the region between the center and the top (load introduction) edge of the panels. 
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(a) (b) (c) 

 
(d) 

 
(e) 

Fig. 3.24. Post-mortem examination of laminated composite panels after compression testing.                 
(a) Photograph of the GFW+CNTY/VER panel, (b) photograph of the GFW+CNTY/VER-D25 panel,    

(c) photograph of the GFW/VER-D50 panel, (d) optical microscopy images (GFW+CNTY/VER and 

GFW/VER-D25), (e) SEM images (GFW+CNTY/VER-D25 and GFW/VER-D50). 

The optical microscopies (Fig. 3.24d) and SEM images (Fig. 3.24e) of the damaged surfaces of the 

panels present evidence of matrix cracking, fiber breakage, and delamination. The images in Fig. 

3.24d and e are shown as representative, as all the panels exhibited similar surface damage. Under 

compression loading, the panels undergo buckling after reaching Euler’s critical load [178,179]. 
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Buckling leads to matrix cracking and delamination, ultimately resulting in fiber breakage and 

structural collapse. 

3.4.2. In situ electrical mapping and damage detection during monotonic compression loading 

The structural health monitoring (SHM) of an exemplary pristine (without debond) 

GFW+CNTY/VER composite panel is shown in Fig. 3.25. Electrical mapping of the panels was 

obtained as described in section 2.5.2. The upper part of Fig. 3.25, from left to right, shows the 

strain field on the panel’s surface measured by DIC just before failure (left), followed by a contour 

map of the panel’s electrical resistance using the data post-processing algorithm both without (PER, 

center image), and with data interpolation (PERI, right image). The electrical resistance plotted as 

“PER” was calculated by Eqs. (2.19) and (2.20), while those for “PERI” correspond to Eq. (2.21). 

The lower part of Fig. 3.25 shows an actual photograph of the backside of the failed panel (left), 

where numbers in the blue tags indicate the electrodes. Notice that the front (𝑥𝑦) surface of the 

panel (not shown) contained the DIC speckle pattern, which hinders visualization of cracks and 

failure features. Consequently, in this photograph, the failure features must be compared in mirror 

reflection to the DIC and electrical contour maps. This photograph is followed in the lower-center 

part of Fig. 3.25 by a plot of the compression stress (𝜎𝑦), out-of-plane displacement at the center 

of the panel (∆𝑧C), and the fractional change of electrical resistance (∆𝑅/𝑅0) as a function of 

compressive strain (𝜀𝑦). The paths of the plotted electrodes are shown in the schematic on the lower 

right. The DIC measurements shown in Fig. 3.25 reveal that there is a strain concentration located 

in the region between the center and the top of the panel. This behavior is attributed to the load 

introduction, leading to end-crushing. All CNTY+GFW/VER panels failed at their upper half, 

presenting the failure mechanisms described in section 3.4.1. During the compression tests, the 

panels undergo buckling due to their structural geometry, resulting in sequential failure through 

matrix cracking, delamination, and fiber breakage (see Fig. 3.24d and e). It is also observed that 

the failure of the panel (see photograph of the panel’s backside in Fig. 3.25) occurred in the area 

where DIC showed higher 𝜀𝑦. The damaged region was identified through monitoring of the 

panel’s electrical resistance, as depicted in the PER contour map in Fig. 3.25. It is evident that the 

electrical resistance measured for the paths successfully identifies the areas where DIC indicates 

strain/stress concentration and failure. Large strain gradients in these areas results in higher ∆𝑅/𝑅0 

of the paths at the same corresponding regions. The electrical resistance of the CNTY arrays (𝑅𝑖,𝑗) 
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crossing through the area with large strain gradients (e.g., 𝑅3,4, 𝑅3,5; see plot and schematic in Fig. 

3.25) presents higher ∆𝑅/𝑅0 than that corresponding to sections aways from this region (e.g., 𝑅1,6, 

𝑅1,8). In addition, 𝑅3,4 and 𝑅3,5 presented peaks of ∆𝑅/𝑅0 at around 0.20, 0.25, and 0.5 % strain, 

as shown in Fig. 3.25. These peaks in ∆𝑅/𝑅0 observed in the plot also coincided with audible 

failures, providing further real-time indication of structural health. The contour map obtained by 

the PER method is further enhanced by interpolating the electrical resistance of the paths, as 

observed in the PERI contour map in Fig. 3.25. The PERI method matched the area of higher strain 

gradients measured by DIC, offering a better overview of structural damage. 

 
Fig. 3.25. Structural health monitoring of an exemplary GFW+CNTY/VER panel. 

The SHM of an exemplary GFW+CNTY/VER-D25 composite panel is shown in Fig. 3.26. Unlike 

the GFW+CNTY/VER panel, in this case, DIC measurements reveal that the strain concentrations 

arise around the central debond. The GFW+CNTY/VER-D25 panels still undergo buckling, 

leading to matrix cracking, delamination, and fiber breakage. However, the introduction of a 

debond in these panels caused a shift in the strain concentration zone with respect to panels without 

debond, triggering the onset of failure at the debonded region (see photograph of the panel’s 

backside in Fig. 3.26). Once again, the areas where DIC indicates the highest strain/stress 

concentration and failure were successful identified by the PER contour map in Fig. 3.26. Here, all 
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resistance paths (𝑅𝑖,𝑗) exhibited a noticeable change in their electrical resistance, as the major 

damage is located at the center of the panel. However, the 𝑅𝑖,𝑗 paths near the area of stress 

concentration showed a higher change in electrical resistance (see e.g., 𝑅1,6 in Fig. 3.26). The PERI 

contour map in Fig. 3.26 provides a more comprehensive insight into the extent of damage, with 

better matches the DIC findings. All these results demonstrate the effectiveness of the technique 

used herein for SHM applications, highlighting the capability of CNTYs to effectively detect and 

locate damage in the composite panels. 

 
Fig. 3.26. Structural health monitoring of an exemplary GFW+CNTY/VER-D25 panel. 

3.4.3. In situ electrical mapping and damage detection during cyclic compression loading 

The mechanical response of a representative GFW+CNTY/VER-D25 panel under cyclic 

compression loading up to 15000 cycles is shown in Fig. 3.27. The test was force-controlled 

reaching a constant maximum force of 16.4 kN, equivalent to ~60.7 MPa. It is observed that 𝜀𝑦 

presented a very slight increment throughout all cycles. The panels also exhibited notable buckling 

from the first cycle, with ∆𝑧C around 1.40 mm. At this level of load and strain, the panels tested in 

monotonic compression already displayed significant buckling (Fig. 3.23b). This buckling is 

attributed to the high slenderness ratio of the panels. In this case, there is a notable increase in ∆𝑧C 

over the cycles, reaching ~2.0 mm at cycle 14997. 
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Fig. 3.27. Mechanical response of a representative GFW+CNTY/VER-D25 panel under cyclic 

compression loading. 

The strain fields obtained by DIC during the unloading/loading states at cycles 1, 7000, and 15000 

are shown in Fig. 3.30. The left column shows the loading stage while the right one shows the 

corresponding unloading stage belonging to the same cycle. It is observed that there are only small 

strain concentrations of 𝜀𝑦 in the vicinity of the debond at the center of the panel during the first 

cycle. The strain in this region increases with the number of cycles, initiating from the center of 

the specimen and propagating toward the top edge. This indicates an accumulation of damage in 

this area of the panel. It is also observed that there is some remaining permanent damage in the 

panel, as evidenced by the residual strain observed in the strain field of the panel during the 

unloading states at cycles 7000 and 15000. 
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Fig. 3.28. DIC strain fields (𝜀𝑦) of a representative GFW+CNTY/VER-D25 panel under cyclic 

compression loading. 

The out-of-plane displacement (∆𝑧) fields obtained by DIC during the unloading/loading states at 

cycles 1, 7000, and 15000 are shown in Fig. 3.29. It is observed that the panel exhibited somewhat 

uniform ∆𝑧 in the whole area due to buckling. This behavior is characteristic of the first buckling 

mode. However, some panels exhibited also ∆𝑧 strain fields which correspond to the second 
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buckling mode. Panel buckling increased gradually during testing, as shown in Fig. 3.27. 

Nevertheless, none of the panels collapsed during testing, showing residual strength. 

 
Fig. 3.29. DIC out-of-plane displacement fields (∆𝑧) of a representative GFW+CNTY/VER-D25 panel 

under cyclic compression loading. 

DIC and electrical contour plots of an exemplary GFW+CNTY/VER-D25 panel under cyclic 

compression loading is shown in Fig. 3.30a, showing snapshots of selected cycles. The DIC images 

were taken at the maximum compression load during the cycle. The PER contour maps show that 
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the electrical resistance of the specimen increases as the strain damage progresses. This increase in 

∆𝑅/𝑅0 correlates with the strain concentration measured by DIC. The paths passing through the 

strain concentration area presented the highest values of ∆𝑅/𝑅0. This method enables to pinpoint 

regions exhibiting the most substantial damage by following the paths that exhibited a greater 

change in ∆𝑅/𝑅0. This effect was significantly enhanced with the PERI contour maps. This method 

smeared out the ∆𝑅/𝑅0measured response and captured the panorama of the damage more clearly, 

better matching the DIC observations. Despite the observed increase in 𝜀𝑦 (Fig. 3.28) and in ∆𝑧 

(Fig. 3.29) during cyclic compression testing, the GFW+CNTY/VER-D25 panels did not exhibit 

visible damage on their surface after testing, as shown in Fig. 3.30b. However, the electrical 

contour map of the panel after testing (Fig. 3.30b) reveals that there is internal damage. This ability 

of CNTYs to effectively detect and locate non-visible damage in laminated composite panels 

demonstrates their great potential for application in structural health monitoring. This potential has 

also been pinpointed in other studies where the CNTYs were introduced into laminated composites, 

e.g., [17,19,94]. However, most of these studies were limited to investigating only the electrical 

response of the CNTYs, without employing algorithms to generate structural damage maps. In this 

context, artificial intelligence algorithms could be used to enhance the sensing and localization of 

structural damage in CNTY arrays. Thus, there is still room for improvement, not only in the 

development of threads but also in the development of advanced algorithms for data management. 

Therefore, CNTYs represent a cutting-edge solution for the development of advanced, high-

performance smart materials. Additionally, it opens up a wealth of possibilities across multiple 

sectors, promoting safety, efficiency, and longevity in various applications. 
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(a) 

 
(b) 

Fig. 3.30. SHM of an exemplary GFW+CNTY/VER-D25 panel under cyclic compression loading.         

(a) DIC and electrical contour maps during loading (at maximum compression load) of selected cycles, 

(b) photograph of the backside of the panel after testing and its PERI contour map. 
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Conclusions and perspectives 

Carbon nanotube (CNT) yarns (CNTYs) exhibit remarkable mechanical properties, energy 

dissipation capabilities, and multifunctional characteristics, positioning them as smart hierarchical 

materials with vast potential. In situ experiments using Raman spectroscopy and scanning electron 

microscopy have provided evidence of the dominance of structural modifications of the CNTY 

fibrils over material stretching in CNTYs during tensile loading. In situ Raman spectroscopy 

showed that the peak position of the D band is only slightly shifted towards lower wavenumbers 

as the axial strain of the CNTYs increases. This small Raman shift indicates that the mechanical 

response of the CNTY is governed by structural motions, slippage, and rotations of the fibrils and 

CNT bundles, rather than to C-C bond stretching. The contribution of material (C-C) deformation 

to the stretching of the CNTY only arises above 0.5 % strain, evidenced by a small Raman shift 

strain factor of -0.30 cm-1/%. This structural behavior yields CNTYs with very high energy-

dissipation capabilities, which are reflected in their tensile hysteresis response under cycling 

loading and high loss modulus in dynamic mechanical analysis. The normalized hysteresis of these 

CNTYs decreases with each cycle until leveling off around cycle 230. This indicates that, in 

addition to the energy dissipated by friction, there is a contribution of the dissipated energy due to 

irreversible changes in the structure of the CNTYs. The specific (per unit weight) dissipated energy 

of these CNTYs is comparable to that of carbon steels. An average piezoresistive gage factor of 

0.36 was measured for the CNTYs. The thermoresistive response under end-clamped conditions 

(i.e., mechanically constrained) was nearly linear and similar for heating and cooling, with an 

average coefficient of thermoresistive sensitivity of -7.26×10-4 K-1. Both the thermoresistive 

response and the DMA temperature scans are affected by the initial condition of the CNTY. This 

means that thermal decomposition of hydrocarbons and possibly other volatile species remaining 

from the synthesis may affect the DMA thermal and thermoresistive responses. The electrical 

response of the CNTYs during DMA testing is governed by their thermoresistive response. In situ 

SEM imaging of CNTYs subjected to axial tensile loading revealed that the CNTYs undergo a 

significant diameter reduction and rotation (untwist) due to fibril rearrangement. The failure of 

CNTYs is attributed to fibril pull-out caused by fibril-fibril slippage. The radial contraction ratio 

of the CNTYs decreases exponentially with increasing axial strain, primarily due to their high 

porosity. Higher radial contractions occur in the early loading stages. For the type of CNTYs 

investigated herein, the measured radial contraction ratio decreased from ~5.4 (for strains of 0.4 
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%) to ~1.1 (for strains above 7.0 %). These findings emphasize the significance of the radial 

contraction effects in the axial mechanical response of CNTYs. The coaxial helix model offers 

insights into the nonlinear mechanical response of CNTYs, highlighting the importance of the 

radial contraction ratio and its dependence on applied strain. The mechanical response of the CNTY 

is strongly influenced by the slip factor, fibril radius, and fibril length. The results showed that the 

weakest link of the CNTY is the shear strength between fibrils. Increasing such inter-fibril shear 

strength is crucial for achieving the ultimate goal of high load-bearing CNTYs. All these structural 

changes influence the electrical response of the CNTYs. However, simultaneous measurements of 

the electrical resistance during relaxation testing indicates that capacitance and electrical charge 

accumulation influence the electrical response of CNTYs beyond the internal structural 

rearrangement of CNTs, bundles, and fibrils. Upon stress relaxation, the electrical resistance of 

CNTYs decreases exponentially over time, but it does so at a significantly slower rate than the 

specific stress. Structural relaxation and equilibrium occurred faster than electrical relaxation. This 

means that capacitive and charge transport effects occur even after structural motions of the fibrils 

have reached equilibrium. These findings are crucial for their integration into composite materials 

and as sensors in composite structures. 

The structural health monitoring technique with non-invasively integrated CNTYs used herein 

enabled the detection and localization of internal damage in the laminated composite panels made 

of glass fiber weaves and vinyl ester resin under monotonic and cyclic compression loading. 

Dedicated post-processing algorithms were developed to analyze the electrical resistance signals 

concurrently acquired from a grid of four CNTYs arranged in the form of the “tic-tac-toe” game 

placed inside a 100×100×2.7 mm3 glass fiber weave/vinyl ester panel tested in edgewise 

compression. The tested panels failed due to delamination, matrix cracking, and fiber breakage 

caused by buckling, which was attributed to the panels’ high slenderness ratio. The localization of 

critically damaged zones by the electrical technique correlated well with digital image correlation 

measurements. Monitoring progressive damage under cyclic compression loading demonstrated 

the effectiveness of CNTYs for structural health monitoring in advanced fiber-reinforced 

polymeric composite materials. 

All these findings indicate that CNTYs hold remarkable promises for the development of advanced, 

high-performance smart materials. These materials could find applications in aerospace, 

automotive, biomedical, and civil engineering, where strong, multifunctional lightweight materials 
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are in high demand. In this context, the CNTYs can be integrated into composite materials for 

structural health monitoring applications without sacrificing mechanical performance, offering 

real-time feedback on stress concentration and damage detection. This capability can significantly 

improve safety and reliability in various engineering industries. The potential of CNTYs to enhance 

condition-based maintenance, economic savings, and safety standards underscores the importance 

of continued research and development in this field. Therefore, future study efforts could focus on 

refining the synthesis processes of CNTYs to optimize their electromechanical performance. 

Moreover, efforts should be concentrated on the structural design of CNTY-based composites to 

maximize their mechanical and multifunctional performance. Future steps in this direction could 

involve further refining the integration techniques of CNTYs, exploring additional sensor 

functionalities, and developing advanced algorithms (e.g., artificial intelligence algorithms) for 

more accurate and comprehensive damage assessment. Therefore, continued research and 

development efforts are essential to unlock the full potential of CNTYs and translate their 

remarkable properties into practical solutions for various engineering challenges. 
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Appendices 

A. Dynamic mechanical response of carbon nanotube yarns 

A.1. Effect of static force 

The DMA with temperature (𝑇) scan was performed from 30 to 300 °C, with a heating rate of 5 

°C/min, frequency (𝑓) of 1 Hz, and using different static forces (𝐹𝑧S
). The temperature scan of a 

collection of CNTY replicas are shown in Fig. A.1. It is observed that the CNTYs exhibited 

significant experimental dispersion, which can be attributed to structural variations among CNTYs. 

However, the variations observed when using different 𝐹𝑧S
 fall within the range of experimental 

scatter for 18 and 30 mN. With 50 mN, the majority of CNTYs experienced premature failure. 

  
(a) (b) 

 
(c) 

Fig. A.1. DMA response of a collection of CNTYs as a function of temperature (𝑇), using different static 

forces. (a) Storage modulus (𝐸′), (b) loss modulus (𝐸′′), (c) damping ratio (tan(𝛿)). 
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The frequency scans from 0 to 51 Hz of the CNTYs at 30 °C with different 𝐹𝑧S
 are shown in Fig. 

A.2. A frequency-independent response of the yarn with only random oscillations around a constant 

value was observed for frequencies smaller than 18 Hz, and thus results are not shown within that 

frequency range. After 18 Hz, both 𝐸′ and 𝐸′′ increase with increased frequency, indicating 

frequency-stiffening behavior. For all static forces, the storage modulus increases almost linearly 

with frequency. For low strains rates (i.e., low frequency), the CNT bundles have enough time to 

align longitudinally and relax [61]. As the frequency increases, the CNTs and CNT bundles 

relaxation through sliding turns into a slow process compared with the loading, and therefore, the 

strain re-distribution becomes more and more difficult [61]. 

  
(a) (b) 

 
(c) 

Fig. A.2. DMA tensile response of an individual CNTY (at 30 °C) as a function of frequency (𝑓) using 

different static forces. (a) Storage modulus (𝐸′), (b) loss modulus (𝐸′′), (c) damping ratio (tan(𝛿)). 

 

 

 



 

107 

A.2. Effect of frequency 

The DMA of CNTYs with frequency scans from 0 to 51 Hz was performed using 𝐹𝑧S
 = 18 mN at 

different constant temperatures are shown in Fig. A.3. The specimen-to-specimen variability is also 

large, but conspicuous trends of the material response are captured. The trend in increasing 𝐸′, 𝐸′′, 

and tan(𝛿) with increased frequency is consistent for all temperatures examined. 

  
(a) (b) 

 
(c) 

Fig. A.3. DMA response of a collection of CNTYs as a function of frequency (𝑓) for different 

temperatures. (a) Storage modulus (𝐸′), (b) loss modulus (𝐸′′), (c) damping ratio (tan(𝛿)). 

A.3. Effect of preheating 

The DMA tensile response of non-dried (pristine) and preheated CNTYs as a function of 

temperature is shown in Fig. A.4. The temperature scan was performed from 30 °C to 300 °C, with 

a heating rate of 5 °C/min, 𝐹𝑧S
 = 18 mN, and 𝑓 = 1 Hz. It is observed that 𝐸′ (Fig. A.4a) of the 

pristine CNTYs decreases rapidly with increasing temperature from 30 to ~130 °C, after which 𝐸′ 

remains almost constant. The preheated CNTYs show a more linear and smaller rate of decrease in 
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𝐸′ with increased temperature. For the same temperature range, 𝐸′′ (Fig. A.4b) of the pristine 

CNTYs exhibit a slight increase, while the preheated CNTYs decrease almost linearly until 

reaching 𝑇 ~ 65 °C, from where 𝐸′′ decreases and then remains almost constant. This yields in 

pristine CNTYs having a tan(𝛿) (Fig. A.4c) which increases steadily from ~0.2 to ~0.6, up to 60 

°C, and then oscillates around ~0.6 for higher temperatures. The preheated CNTYs exhibit nearly 

constant damping over almost the entire range. TGA showed that the CNTYs lose weight during 

the preheating (see section 3.1.4). Once the synthesis byproducts and amorphous carbonaceous 

materials within the CNTYs are eliminated during preheating, mainly the CNTs that make up the 

yarn remain. However, if the yarn is not preheated, some byproducts and possibly nonstructured 

carbon may undergo thermal degradation below 130 °C. Therefore, the thermal transformation of 

such byproducts may further affect the structural changes, which facilitates the fibril/bundle 

relaxation through slipping [67]. 

  
(a) (b) 

 
(c) 

Fig. A.4. DMA tensile response of the CNTYs as a function of temperature (𝑇) with and without (pristine) 

preheating. (a) Storage modulus (𝐸′), (b) loss modulus (𝐸′′), (c) damping ratio (tan(𝛿)). 
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A.4. Effect of heating rate 

In order to investigate a potential effect of the heating rate, the CNTYs were tested at 1 Hz from 

30 to 300 °C, with 𝐹𝑧S
 = 18 mN, using different heating rates. The DMA tensile response of the 

CNTYs as a function of temperature at different heating rates is shown in Fig. A.5. The curves 

enclosing those for specimens at 5 °C/min are included for comparison. Unlike the CNTYs tested 

at 5 °C/min, described in section 3.1.13, the CNTYs tested at slower heating rates (1 and 2 °C/min) 

show a smaller decrease in 𝐸′. In addition, 𝐸′′ and tan(𝛿) remain almost constant throughout the 

DMA. By decreasing the heating rate, the rate of mass loss due to evaporation from the densifier 

and moisture, as well as the degradation of amorphous carbon, also decreases. This allows the 

fibrils/bundles enough time to rearrange, similar to what is observed when the CNTYs are 

subjected to low strain rates [61]. However, no significant effect has been observed among the 

CNTYs tested at different heating rates, as they fall within the natural variability of CNTYs. 

  
(a) (b) 

 
(c) 

Fig. A.5. DMA tensile response of the CNTYs as a function of temperature (𝑇) using different heating 

rates. (a) Storage modulus (𝐸′), (b) loss modulus (𝐸′′), (c) damping ratio (tan(𝛿)). 
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B. Diameter distribution of the carbon nanotube yarns 

The probability plots of the statistical distributions that best match the diameter distribution of the 

CNTYs (based on the Anderson-Darling goodness-of-fit test [102]) are shown in Fig. B.1. These 

plots display the diameter measurements of the CNTYs (blue dots) against the expected values 

under a specific theoretical distribution within the confidence intervals (red lines). If the data 

closely follows the theoretical distribution, the points on the plot will align along a straight line. 

Deviations from this line suggest departures from the assumed distribution. Among the four 

statistical distributions in Fig. B.1, the 3-parameter loglogistic distribution was identified as the 

best-fitting diameter distribution, with an Anderson-Darling value of 1.34 (see Table 3.1). 

  
(a) (b) 

  
(c) (d) 

Fig. B.1. Probability of the statistical CNTY diameter distributions. (a) Largest extreme value distribution, 
(b) 3-parameter lognormal distribution, (c) loglogistic distribution, (d) 3-parameter loglogistic 

distribution. 
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C. Variability of Raman spectra in the carbon nanotube yarns as function of 

location and axial strain 

To assess the natural variability of the CNTY in the D band position, a 10 μm line scan (from 0 to 

10 μm in steps of 1 μm, resulting in a total of 11 Raman spectra per line scan) was performed along 

the axial direction of the CNTY (𝑧), as described in section 2.2.5. This procedure was repeated in 

three regions of the CNTY spaced ~5 mm, for two different specimens. The variability (mean value 

and standard deviation) in the peak position, intensity and FWHM of the Raman bands in the 

CNTYs is shown in Fig. C.1. This variability arises from the non-perfect spatial homogeneity of 

the CNTY, attributed to their hierarchical structure and current synthesis methods. For the D band 

peak position (Fig. C.1a), it exhibits a natural uncertainty ranging between 0.18 and 0.37 cm-1. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. C.1. Variability of the Raman bands’ peak position, intensity and FWHM of the CNTYs. (a) D band, 

(b) G band, (c) D’ band, (d) G’ band. 

The peak position, intensity and FWHM of the Raman bands in the CNTYs as function of 𝜀𝑧 are 

shown in Fig. C.2. Except for the peak position of band D, the other Raman parameters do not 

exhibit significant changes or a clear trend. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. C.2. Raman bands’ peak position, intensity and FWHM of the CNTYs as a function of axial strain 

(𝜀𝑧). (a) D band, (b) G band, (c) D’ band, (d) G’ band. 
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D. Parametric analysis of the yarn’s tensile model 

D.1. Tensile modulus and coefficient of friction of the fibrils 

According to Eq. (2.11), the fibril’s tensile modulus (𝐸f) dependents on the yarn’s tensile modulus 

(𝐸), the twist angle at the yarn’s surface (𝜃ext0
 = 29.9°), and the slip factor (𝑘). The slip factor can 

be estimated by considering the radius (𝑟f = 172 nm), length (𝐿f = 500 µm), migration factor (𝑄 = 

4ℎ), and coefficient of friction (𝜇) of the fibrils (Eq. (2.11)). However, measuring 𝜇 can be 

complex, and it is an important parameter not only for estimating 𝑘 but also for determining the 

slippage ratio (Eq. (2.16)). Therefore, to obtain an accurate value of 𝜇 (and consequently 𝑘), 𝐸f was 

plotted as a function of 𝑘 as shown in Fig. D.1a. It is observed that the increase in 𝐸f is small for 𝑘 

< 0.36. However, for 𝑘 > 0.36, there is a rapid increase in 𝐸f which reaches a maximum at 𝑘 = 

0.498, resulting in 𝐸f = 7.89 TPa (inset in Fig. D.1a). After this point (𝑘 > 0.498), 𝐸f immediately 

drops to unphysical negative values. From that point on, all values of the specific tensile moduli 

become negative, forming an antisymmetric curve (not shown). Since a negative 𝐸f holds no 

physical significance, the value of 𝑘 for the CNTY must be below 0.498. It is thus expected that 

the fibrils of the CNTYs have specific stiffnesses distributed within 0 ≤ 𝑘 ≤ 0.498. Several studies 

have reported the tensile modulus of CNT bundles and fibrils in the range between 30 and 1310 

GPa [111–113]. Lower values correspond to fibrils that have larger diameters [111–113]. These 

values of 𝐸𝑓  fall within the provided range of 𝑘, where the lower limit (𝐸f = 30 GPa) corresponds 

to 𝑘 = 0.37, and the top limit (𝐸f = 1.31 TPa) corresponds to 𝑘 = 0.496. In this case, as the fibrils 

used in this study have a relatively large diameter compared to those reported in [111–113], and 

since the measured elastic modulus of the CNTYs is relatively low (𝐸 = 5.8 GPa), the lower bound 

was selected for the fibril modulus (𝐸f = 30 GPa), yielding 𝑘 = 0.37. 
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Fig. D.1. Effect of the slip factor (𝑘) in the fibril tensile modulus (𝐸f) according to Eq. (2.11). 

Knowing that 𝑄 depends on the strain and keeping constant the value of 𝑘 (and thus 𝐸f), Eq. (8) 

can be rewritten to express 𝜇 as a function of 𝑄 as, 

𝜇 = (
2𝑟f

9𝐿f
2𝑘2

) 𝑄 (D.1) 

Equation (D.1) results in 𝜇 = 1.11𝑄, where 𝑄 is in m. These results (𝐸f = 30 GPa, 𝜇 = 1.11𝑄, and 

𝑘 = 0.37) were incorporated in the model for the mechanical behavior of CNTYs under tensile 

loading, Eq. (2.13), as described in section 2.3. 

D.2. Radial packing density 

The normalized packing density (𝜌𝑟/𝜌𝑟
Max , where 𝜌𝑟

Max  is the maximum value of 𝜌𝑟) as a function 

of the normalized radial position of the CNTY (𝑟/𝑟ext) for different values of 𝜀𝑧 is shown in Fig. 

D.2. The plots were generated using Eq. (2.14). It is observed that 𝜌𝑟/𝜌𝑟
Max  decreases from 1 at the 

center towards 0 at the yarn’s surface. The fibrils at the center experience greater compression and 

are, therefore, more compacted. In contrast, the outer fibrils experience less compression, resulting 

in a more dispersed arrangement and, consequently, a lower packing density on the surface. As 𝜀𝑧 

increases, the CNTY experience radial contraction, due to the rearrangement of the fibrils. This 

results in a reduction in porosity and consequently an increase in packing density. 
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Fig. D.2. Distribution of the normalized packing density (𝜌𝑟/𝜌𝑟

Max) along the normalized radial position 

of the CNTY (𝑟/𝑟ext) for different values of axial strain (𝜀𝑧). 

D.3. Distribution of compressive transverse stress 

The normalized compressive transverse stress in the CNTY (𝑃/𝑃Max, where 𝑃Max is the maximum 

value of 𝑃) as a function of 𝑟/𝑟ext for different values of 𝜀𝑧 is shown in Fig. D.3. The plot was 

generated using Eq. (2.17). It is observed that 𝑃/𝑃Max decreases from 1 at the center towards 0 at 

the yarn’s surface. When the CNTY is stretched, the radial contraction induces the fibrils of the 

outer layers of the yarn to exert pressure on the fibrils of the inner layers. This generates higher 

compressive transverse stress inside the yarn, which is amplified as the strain increases. 

 
Fig. D.3. Distribution of the normalized compressive transverse stress (𝑃/𝑃Max) along the normalized 

radial position of the CNTY (𝑟/𝑟ext) for different values of axial strain (𝜀𝑧). 
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D.4. Distribution of fibril axial strain 

The normalized axial strain of the CNT fibrils (𝜀𝑧f
/𝜀𝑧f

Max , where 𝜀𝑧f
Max is the maximum value of 𝜀𝑧f

; 

𝑧f refers to the axial direction, 𝑧, and “f” stands for fibril) comprising the CNTYs as a function of 

𝑟/𝑟ext at different values of 𝜀𝑧 is shown in Fig. D.4. The plots were generated using Eq. (2.10), 

where the radial contraction ratio (𝜈𝑧𝑟) is given by Eq. (3.1). It is observed that 𝜀𝑧f
/𝜀𝑧f

Max  decreases 

nonlinearly with increased CNTY radius, being maximum at the center (𝑟 = 0). Since the fibrils of 

the CNTY have a twist angle that varies as a function of 𝑟, it is expected that when the CNTY is 

strained the outer fibrils with a larger twist angle deform less, as they have more freedom of 

movement to untwist and pack. On the other hand, the inner fibrils (those closer to the center) have 

more restricted motion due to entanglement and friction with their neighbors, given the higher 

packing density. 

 
Fig. D.4. Distribution of the normalized axial strain of the CNT fibrils (𝜀𝑧f

/𝜀𝑧f
Max) along the normalized 

radial position of the CNTY (𝑟/𝑟ext) for different values of axial strain (𝜀𝑧). 

E. Critical length for load transfer of the carbon nanotubes and their fibrils 

The critical length in a short fiber composite refers to the minimum fiber length required to achieve 

the maximum allowable fiber strength [183]. This concept can be applied to the CNTs and fibrils 

comprising the CNTYs. There are several classical models to estimate the critical fiber length, e.g., 

the Kelly-Tyson model [184], the Cox shear lag model [185], etc. The major differences among 

them stem from the assumptions regarding the fiber behavior (plastic or elastic), the load transfer 

between the fiber and matrix, and how the models consider the distribution of normal stress within 

the fibers and shear stress between the matrix and fibers. The simplest one, which still adequately 
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captures the mechanics of the problem, is the Kelly-Tyson model [184]. According to this model, 

adapting it for the CNTs comprising the yarn, the critical length of the CNTs (𝐿c
CNT) can be 

estimated as [184], 

𝐿c
CNT = (

𝜎𝑧u
CNT

𝜏Int
CNT ) 𝑟CNT (E.1) 

where 𝜎𝑧u
CNT, 𝜏Int

CNT, and 𝑟CNT are the tensile strength, inter-CNT shear strength, and radius of the 

CNTs, respectively. Knowing that the CNTs examined herein have an external radius ranging from 

4.5 to 6.0 nm (see section 3.1.1), considering 𝜎𝑧u
CNT ranging between 11 and 71 GPa [82,83] (see 

Table 1.1), and 𝜏Int
CNT ranging between 0.05 and 1.40 GPa [154,155], 𝐿c

CNT ranges between 35.4 nm 

and 8.52 µm. The large range of the predicted 𝐿c
CNT obeys the large variability of the data reported 

in the literature for 𝜎𝑧u
CNT and 𝜏Int

CNT. According to this result, a critical length higher than 8.52 µm 

should be enough for proper load transfer, which should promote breakage of the CNTs. However, 

as discussed in section 3.1.7, this does not occur in our case, due to the weak interface between 

CNTs, bundles, and fibrils [151]. 

The inter-CNT shear strength and the inter-fibril shear strength can be compared by analyzing the 

ratio between the critical length of the CNTs (𝐿c
CNT) and that of the fibrils (𝐿c

f ), i.e., 

𝐿c
CNT

𝐿c
f

= (
𝜎𝑧u

CNT

𝜎𝑧u
f

) (
𝑟CNT

𝑟f
) (

𝜏Int
f

𝜏Int
CNT) (E.2) 

where 𝜎𝑧u
f , 𝜏Int

f , and 𝑟f are the tensile strength, inter-fibril shear strength, and radius of the fibrils, 

respectively. Considering that the fibrils of the CNTYs exhibit a radius ranging from 68.5 to 414 

nm (see section 3.1.1), 𝑟CNT/𝑟f is determined to be between 0.01 and 0.09. Regarding 𝜏Int
f /𝜏Int

CNT, 

the analysis conducted by Deng et al. [151] indicates that 𝜏Int
f /𝜏Int

CNT is between 0.03 and 0.27. For 

the strength ratio, average values of 𝜎𝑧u
f  and 𝜎𝑧u

CNT were used, as the range reported in the literature 

is wide. 𝜎𝑧u
f  has been reported ranging from 1.5 to 52 GPa [112,113,156], while 𝜎𝑧u

CNT ranging from 

11 to 71 GPa [82,83]. Considering average values for both intervals, 𝜎𝑧u
CNT/𝜎𝑧u

f  is estimated as 

~1.53. It is of course expected that the tensile strength of the fibrils is significantly smaller than 

that of their constituent CNTs (i.e., 𝜎𝑧u
f  ≤ 𝜎𝑧u

CNT). Thus, 𝜎𝑧u
CNT/𝜎𝑧u

f  = 1.53 is deemed a conservative 

estimate. As a result, Eq. (E.2) bounds 𝐿c
CNT/𝐿c

f  between 45.9×10-5 and 37.2×10-3. Consequently, 

𝐿c
f  is between 27 and 2179 times longer than 𝐿c

CNT. This result indicates that the load transfer is 

significantly less efficient at the fibril level than at the CNT level. 
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F. Summary of the physical properties of the carbon nanotubes yarns 

Table F.1 contains a summary of all the physical properties of the CNTYs obtained in this work. 

Table F.1. Summary of physical properties of the CNTYs. 

Property Mean value (standard deviation) 

Temperature coefficient of resistance in the 0 ≤ ∆𝑇 ≤ 50 K 

range of heating (𝛽1). 
-8.63×10-4 (± 0.79×10-4) K-1 

Temperature coefficient of resistance in the 130 K ≤ ∆𝑇 ≤ 

250 K range of heating (𝛽2). 
-7.78×10-4 (± 1.80×10-4) K-1 

Temperature coefficient of resistance for the full cooling 

range (𝛽3). 
-7.26×10-4 (± 0.05×10-4) K-1 

Temperature coefficient of resistance of preheated CNTYs 

for the full range during DMA (𝛽Ph
DMA). 

-9.83×10-4 (± 3.25×10-4) K-1 

Temperature coefficient of resistance of pristine CNTYs in 

the 0 ≤ ∆𝑇 ≤ 50 K range during DMA (𝛽Pri
DMA). 

-6.92×10-4 (± 0.55×10-4) K-1 

Ultimate (failure) axial tensile strain (𝜀𝑧u
) at 25 °C (obtained 

by the mechanical testing). 
5.75 (± 1.00) % 

Ultimate (failure) axial tensile strain (𝜀𝑧u
) at 25 °C (obtained 

by the electromechanical testing). 
4.55 (± 1.77) % 

Ultimate (failure) axial tensile strain (𝜀𝑧u
) at 80 °C (obtained 

by the electromechanical testing). 
6.08 (± 0.47) % 

Ultimate (failure) axial tensile strain (𝜀𝑧u
) at 120 °C 

(obtained by the electromechanical testing). 
7.01 (± 0.81) % 

Pristine (undeformed) twist angle (𝜃ext0
). 29.9° (± 5.3°) 

Radial contraction ratio (𝜈𝑧𝑟). 

𝜐𝑧𝑟 = 𝜐𝑧𝑟∞
+ 𝑐1𝑒

−
𝜀𝑧
𝑑1 + 𝑐2𝑒

−
𝜀𝑧
𝑑2; 

𝜐𝑧𝑟∞
 = 0.992, 𝑐1 = 30.1, 

𝑑1 = 1.96×10-3, 𝑐2 = 2.33, 

𝑑2 = 27.7×10-3 

Electrical conductivity (𝜉) at 25 °C. 303 (± 9) S/cm 

Electrical conductivity (𝜉) at 80 °C. 306 (± 9) S/cm 

Electrical conductivity (𝜉) at 120 °C. 309 (± 4) S/cm 

Specific electrical conductivity (𝜉/𝜌) at 25 °C 1211 (± 37) S·cm2/g 

Specific electrical conductivity (𝜉/𝜌) at 80 °C 1225 (± 35) S·cm2/g 

Specific electrical conductivity (𝜉/𝜌) at 120 °C 1237 (± 18) S·cm2/g 
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Volumetric mass density (𝜌). 0.25 g/cm3 

Volumetric mass density of the CNTs that make up the 

CNTYs (𝜌CNT). 
0.78 g/cm3 

Linear density (𝜌L). 0.21 tex 

Axial tensile strength (𝜎𝑧𝑢
) at 25 °C (obtained by the 

mechanical testing). 
169 (± 17) MPa 

Axial tensile strength (𝜎𝑧𝑢
) at 25 °C (obtained by the 

electromechanical testing). 
249 (± 35) MPa 

Axial tensile strength (𝜎𝑧𝑢
) at 80 °C (obtained by the 

electromechanical testing). 
147 (± 21) MPa 

Axial tensile strength (𝜎𝑧u
) at 120 °C (obtained by the 

electromechanical testing). 
98.8 (± 18.7) MPa 

Specific axial tensile strength (𝜎𝑧u
/𝜌) at 25 °C (obtained by 

the mechanical testing). 
677 (± 68) mN/tex 

Specific axial tensile strength (𝜎𝑧u
/𝜌) at 25 °C (obtained by 

the electromechanical testing). 
994 (± 140) mN/tex 

Specific axial tensile strength (𝜎𝑧u
/𝜌) at 80 °C (obtained by 

the electromechanical testing). 
586 (± 86) mN/tex 

Specific axial tensile strength (𝜎𝑧u
/𝜌) at 120 °C (obtained by 

the electromechanical testing). 
395 (± 75) mN/tex 

Porosity (𝛷P). 0.69 

Pristine (undeformed) diameter (𝑑ext0
). 33.3 (± 1.7) µm 

Diameter of the CNTY’s fibrils (𝑑f). 343 nm 

Tensile modulus (𝐸) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % range at 25 

°C (obtained by the mechanical testing). 
4.30 (± 0.70) GPa 

Tensile modulus (𝐸) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % range at 25 

°C (obtained by the electromechanical testing). 
5.80 (± 2.24) GPa 

Tensile modulus (𝐸) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % range at 80 

°C (obtained by the electromechanical testing). 
1.92 (± 0.04) GPa 

Tensile modulus (𝐸) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % range at 120 

°C (obtained by the electromechanical testing). 
1.64 (± 0.25) GPa 

Specific tensile modulus (𝐸/𝜌) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % 

range at 25 °C (obtained by the mechanical testing). 
17.2 (± 2.8) N/tex 

Specific tensile modulus (𝐸/𝜌) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % 

range at 25 °C (obtained by the electromechanical testing). 
23.2 (± 8.9) N/tex 

Specific tensile modulus (𝐸/𝜌) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % 

range at 80 °C (obtained by the electromechanical testing). 
7.66 (± 0.17) N/tex 
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Specific tensile modulus (𝐸/𝜌) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % 

range at 120 °C (obtained by the electromechanical testing). 
6.55 (± 0.98) N/tex 

Ultimate (failure) axial tensile load (𝐹𝑧u
) at 25 °C (obtained 

by the mechanical testing). 
144 (± 15) mN 

Ultimate (failure) axial tensile load (𝐹𝑧u
) at 25 °C (obtained 

by the electromechanical testing). 
209 (± 29) mN 

Ultimate (failure) axial tensile load (𝐹𝑧u
) at 80 °C (obtained 

by the electromechanical testing). 
123 (± 18) mN 

Ultimate (failure) axial tensile load (𝐹𝑧u
) at 120 °C (obtained 

by the electromechanical testing). 
83.0 (± 15.7) mN 

Gage factor (𝐺𝐹) in the 0.2 % ≤ 𝜀𝑧 ≤ 0.5 % range at 25 °C. 0.36 (± 0.13) 

Roughness. 62.2 (± 12.5) nm 
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