
 

ABSTRACT 

PAGE, CHRISTIAN DAVID. Characterization of Multifunctional Carbon Nanotube Yarns: 

In-situ Strain Sensing and Composite Reinforcement. (Under the direction of Dr. Fuh-Gwo 

Yuan). 

 

A large body of scientific research and development worldwide has focused on the 

unprecedented structural/functional properties of carbon nanotubes (CNT), yet translation of 

these unique properties of CNTs to macroscopic materials has been slow to develop.  CNT 

yarns are an appealing application for CNTs; their lightweight and small diameter can allow 

for them to be embedded into composite materials.  Since the individual nanotubes have 

shown to have incredibly high strength, stiffness, and strain sensitivity, CNT yarns have the 

potential to be highly effective for in-situ structural health monitoring of advanced materials 

and structures.  

This work identifies the sources for losses in strength and electromechanical 

sensitivity.  This is done by first understanding the physics involved with a CNT yarn under 

axial strain.  Since this material is not a Newtonian solid, the stress-strain relationships are 

dissimilar to conventional materials, exhibiting a three zone behavior.  This is present in both 

the stress-strain and resistance-strain relationships.  A tensile test performed in-situ within a 

scanning electron microscope showed that the diameter of the yarn reduced greatly during 

tension, which indicates that the volume is not constant; therefore, the intratube/intrabundle 

load transfer efficiency and electrical conductivity change significantly under strain.  

Observation of this phenomenon helps elucidate the source for loss in the translation from 

nanoscopic CNTs to the macroscopic CNT yarns.  

Following the observation that the CNT yarn is not a solid body mechanics system, 

investigation into the long-standing field of textile engineering helped to identify that the 



 
 

CNT yarn structural hierarchy should be re-evaluated.  Literary review reveals that the 

predominant base morphology of CNT yarns is bundles of CNTs as opposed to individual 

CNTs.  Furthermore, in conventional textiles, it is well known that the base morphology (in 

textiles this is the “fiber”) will bundle together during twisting.  For CNT yarns, this level is 

referred to as packs since the title “bundle” has already been widely used as the grouping of 

individual CNTs.  The utilization of conventional textile mechanics is supported by the 

congruent stress strain curves of cotton/wool yarns and CNT yarns.  

With this new perspective, sources of strength losses can be identified and, in most 

cases, quantified.  Deterministic and statistical textile models are used to enumerate three 

top-level parameters which affect the yarn’s strength.  This approach offers guidance for 

future work to be done in the field of CNT yarns, including the growth of raw CNT forests, 

the spinning procedures involved, and any post-processing steps that may arise that can 

mitigate these losses that are extremely degrading to the CNT yarn mechanical strength.  

The strength of the yarn is a direct reflection of the quality of the yarn’s structure. 

These morphological properties across the nano, meso, and macro scales have an effect on 

other physical properties such as electromechanical sensitivity.  Improving the strength will 

also improve the yarn’s ability to serve as a strain gage.  Coupled with its appealing size, 

these yarns will be an effective in-situ embedded strain sensor.  In conclusion, high quality 

CNT yarns with minimized strength losses show promise for structural health monitoring of 

advanced materials and structures since they can be both strongly reinforcing and 

electromechanically sensitive.  
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Chapter 1: Introduction 

 Since their discovery in 1991 [1], individual carbon nanotubes (CNTs) at the 

nanoscale have been studied quite extensively and have proven to have extremely high 

stiffness and strength.  Furthermore, their conductivity, flexibility, density, and 

electromechanical sensitivity have sparked a plethora of research into using CNTs for 

multifunctional applications.  This concept puts them into a new class of next generation 

advanced materials.  

Individual CNTs can exist as either single-walled or multi-walled forms.  Single-

walled nanotubes (SWNTs) can have a diameter as small as 1 nm [2]; however, their 

diameters can vary depending on growth parameters similar to nucleation and growth in 

other materials such as carbon steel alloys.  Multi-walled nanotubes (MWNTs) are simply 

concentric SWNTs.  The innermost wall can be as small as 1 nm while the outermost shell 

can be around 40 nm or more [3].  Additionally, these nanotubes can be several centimeters 

in length [4][5], giving them incredibly high aspect ratios, and the fact that they are hollow 

cylinders makes them very lightweight. 

Both the theoretical and experimentally derived stiffness and strength values of CNTs 

are quite high.  A number of groups [6], [7], [8], [9], [10] have shown the Young’s modulus 

to be in the range of 1-1.8 TPa.  Yu et al. [13] showed that single-walled nanotubes can have 

a strength ranging from 13-53 GPa, and multi-walled strengths of 11-63 GPa [3].  In 

addition, Demczyk et al. [3] used a direct loading method and obtained MWNT strength 

values as high as 150 GPa.  As one can see, these mechanical properties make carbon 

nanotubes an appealing candidate for structural applications.  
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In order to scale-up production of CNTs, carbon vapor deposition (CVD) is a method 

of choice.  With CVD, billions of nanotubes are grown, analogous to a forest, upon a 

substrate.  This procedure usually takes less than 1 hour to perform [11], so it is easy to see 

how this method has the most promise for supplying carbon nanotubes on an industrial scale.  

The nanotubes produced and used for yarns have an aspect ratio ranging from 30,000-65,000 

[14] [4],[12] and one square centimeter of CNT forest can produce over 100 meters of yarn.  

The drawback to the CVD method is that the nanotube length is limited.  The 

spinning method introduced by Jiang et al.[13] requires that the forest be drawable. 

Sufficient conditions to make this possible remain still largely unknown, but only heights of 

just above 1 mm and shorter have proven to be drawable thus far.  Additionally, the quality 

of the CNTs is difficult to control; they are very sensitive to the growth conditions and their 

effect on the resulting array is still poorly understood.  Large amounts of amorphous carbon, 

crystallographic defects, and catalyst remnants can exist [14], [15], [16], [17].  Finally, the 

nanotubes that exist in these arrays are multi-walled, with the number of walls ranging from 

2-3 in some forests to 30-40 in others [18].  Drawable single-walled arrays have not yet been 

reported.  In conclusion, nanotube synthesis using the CVD method is largely an art at the 

current state, and several growth conditions can affect the resulting properties of the 

nanotubes in the forest.  Although there are inherent limitations with this method, these do 

not outweigh the advantage of cost effective mass production.   

The dry spinning process developed by Jiang et al.[13] is a direct method for 

producing carbon nanotube yarns.  The work done by Atkinson et al. [19] shows very clearly 

how the twist is inserted into a CNT web drawn horizontally from the forest.  Several other 
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groups have explored how the mechanical properties of the CNT yarns are dependent on a 

number of variables such as the array height, CNT diameter, and number of walls as well as 

the yarn twist angle, diameter, and linear density [12], [18], [19], [20], [21], [22], [23], [24]. 

Other groups have also investigated post-processing techniques to improve the mechanical 

properties of the yarns (e.g.,  [12], [25], [26], [27]).  

The pioneering work performed by Dr. Haibo Zhao at North Carolina State 

University has ignited promising direction in research in which embedded CNT yarn strain 

sensors has proven to be a viable.  Zhao et al.[28] investigated the repeatability of the sensors 

and demonstrated that they could identify a micro-crack propagating across the sensor.  

Furthermore, this work showed that the sensors are sensitive to temperature but remain 

stable.  Finally, repeatability was confirmed through fatigue testing in which the yarn’s 

electromechanical sensitivity stabilized after several cycles.  

The details of his dissertation corroborate this research and provide further 

background information on growth methodology and array properties.  Additionally, much of 

the experimental procedures used here were at least partially developed during his research.  
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Chapter 2: Experimental 

The primary experimental focus of this research involves taking drawable arrays and 

producing yarn specimens from them.  Jiang et al. [13] introduced the first spinning 

technique in which a ribbon is drawn from a drawable array and simultaneously twisted.  Of 

course, the prerequisite that the array is drawable is assumed to be met and the aspects 

affecting that quality are outside of the scope of this research. 

 The equation presented by Hearle [29] is used to calculate the necessary draw and 

twist speeds in order to accomplish a prescribed surface twist angle, α. 

    ( )      (1) 

T represents the ratio of twist speed to draw speed and the d is the diameter.  It is 

important to note here that the resulting yarn diameter is dependent upon the width of CNT 

ribbon drawn from the array.  Therefore, the desired twist angle is truly accomplished 

empirically.  

A schematic of the apparatus used for linear-track spinning is shown in Figure 1. 

Here, a rotary spindle rides upon a linear track.  The rotating speed of the spindle is 

controlled with an isolated power supply and controller.  The draw speed is controlled by 

delivering power to a 12V DC motor with a variable power supply.  A belt and pulley system 

is used to transmit motion from the rotating motor to the rotary spindle’s sliding carriage.   
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This incredibly simple design creates specimens for specific studies quite quickly and 

easily.  In addition, various treatments are possible by placing the treatment apparatus 

between the array and the spindle tip.  The various treatments investigated will be discussed 

in detail later.  

The drawback to this apparatus is in the finite length constraint.  The yarn length that 

can be accomplished is limited by the linear track dimension.  In this case, only yarns of less 

than 1 meter are possible.  This length is satisfactory for the primary studies performed, 

however the ultimate goal of the laboratory is to create a scalable manufacturing process in 

which virtually infinite lengths of high quality dry and composite yarns can be made with 

low cost.   

Figure 1: Linear-track yarn spinning apparatus 
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To accomplish infinite lengths, a continuous spinning process must be developed.  

Here, a simultaneous spinning and spooling mechanism should be used in order to insert 

twist while drawing the yarn onto a spool or bobbin.  This method is comparable to 

conventional yarn twisting at the industrial level; however special care must be taken since 

the material dimensions are significantly smaller.  It is important to realize that while the 

strength of CNT yarns may be equal to or greater than conventional cotton or wool yarns, 

their diameter is at least one order of magnitude smaller.  Therefore, the forces required to 

break a specimen are much lower, and force is the functional variable in the processing 

limitations of yarn, not strength.  

The first challenge involved creating an apparatus that can spin at high but 

controllable rpm.  For this purpose, a Galil Motion brushless servo motor with a differential 

quadrature incremental motor was used.  This, along with the complimentary controller, 

created the capability to accomplish precision better than to the nearest 1 rpm.  Next, an 

armament designed to hold the drawing/spooling motor is needed which maintains harmonic 

balance whilst spinning at these high speeds.  This requires the center of gravity to be located 

in direct line with the central axis of the spinning motor’s shaft.  Figure 2 shows that 

resulting design in which a plastic flywheel and 3-D printed armament was designed and 

built. 

Looking more closely at Figure 2, one can see the spooling motor mounted inside the 

armament; keeping it as close to the end of the spinning motor’s shaft helps ensure good 

rotational stability.  In addition, the gold pulleys shown here, along with a rubber belt, are 
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how the motor transmits rotation to the spool (not shown here).  The blue cylinders to the left 

of the image are ‘dummy pulleys’ designed to counterbalance the weight of the real pulleys. 

 

 

Figure 2: Armament design for continuous-length CNT yarn spinning apparatus 

 

 

The final aspect of this design involves transmitting electrical power to the spooling 

motor while the spinning motor, and hence the armament, are in motion.   For this, a slipring 

system was used.  

In the backside of the white flywheel, two flat copper rings are embedded which 

serve as commutators (See Figure 2).  Two brushes were mounted to a stationary frame in 

such a way to make constant contact with these rings.  The brushes are connected to a 

variable power supply which is used to control the speed of the spooling motor. 

 



8 

 

 

 

In conclusion, a highly accurate rotational speed as high as 4000 rpm along with a 

constant spooling/drawing speed accomplished by the onboard spooling motor creates the 

ability to spin yarns where the only real limitation is the amount of CNT array available. 

Preliminary studies have shown that more than 600 meters can be produced from one 

standard 25 x 100 mm CNT array.  

As mentioned before, one of the greater challenges in creating high quality CNT 

yarns is the accurate processing from CNT array to CNT yarn.  The small dimensions 

Figure 2: Commutators for the slipring assembly. Located on the back side of the 

flywheel; facing the spinning motor 
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involved make standard machinery and handheld tools an inappropriate solution.  In order to 

better control the variables involved in drawing a CNT ribbon from an array and twisting it 

into a high-quality yarn, higher precision machinery and tools need to be developed which 

are customized for this particular application.  Furthermore, eliminating the human aspect 

associated with drawing the ribbon by hand, etc. will greatly reduce the scatter present.  

To define the problem, coordinate axes must be established.  The CNT array consists 

of vertically aligned carbon nanotubes.  This can be considered as the z-direction.  Therefore, 

the direction of drawing from this array is defined as the x-direction.  The transverse 

direction, y, needs to be minimized during the drawing phase.  Furthermore, the speed at 

which the draw occurs needs to be steady.  

Fortunately, robotic linear axes donated by the Plexus company created the ability to 

accomplish these needs.  Their speed and position are highly precise; with resolutions in the 

micron scale.  Figure 3 shows how these linear axes were positioned.  The continuous 

spinning apparatus resides on the left of the figure.  The array can be placed on the platform 

to the right.  The large x-axis stage controls the position of the drawing blade and the draw 

speed.  This axis is used to draw a CNT ribbon and deliver it smoothly to the spool surface.  

From here, the simultaneous spinning and spooling can be performed to accomplish the 

desired surface twist angle, α. 
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In addition to controlled drawing and continuous spinning.  This entire system is 

highly adaptable, allowing for new in-situ treatments to be applied to the ribbon or yarn.  An 

ultrasonic atomizing sprayer from Sonics and Materials Inc. can be placed just above the 

ribbon and a very gentle mist of polymer matrix or other functional material can be applied 

without destroying the ribbon’s integrity.  Alternatively, a stretch winding technique 

developed by Wang et al. [30] can be used to tune the properties of the CNT yarn.  These and 

any other treatment developed for testing can be implemented on this platform; which is 

called the μFactory.  Appendix B includes further information and operating manuals.   

Figure 3: Positioning of robotic axes for high fidelity CNT ribbon drawing and yarn 
spinning 
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To measure the mechanical and electromechanical properties, the CNT yarn must be 

divided into specimens and transported to the Shimadzu EZ tensile tester.  For this, the 

ASTM 3822 standardized testing method is followed.  Looking at Figure 4, it can be seen 

that the yarns were attached to slotted paper with epoxy (made from Epon
TM

 813 and 

Epicure
TM

 9551 with a ratio of 2:1).  The rectangular slot was made so as to have a gauge 

length of 10 mm and epoxy was deposited on either end of the slot.  To facilitate electrical 

measurement when electromechanical measurements were desired, copper connections were 

made to the yarn by using silver paste and the wires were attached to the paper using epoxy.  

The copper wires that were used were 80 microns thick.  The specimens were mechanically 

tested by loading them onto the Shimadzu tensile tester (EZ-S) with a 2N load cell and then 

cutting the side tabs of the paper backbone.  Simultaneous four probe electrical resistance 

measurements were obtained by connecting the copper wires to the electrodes from an 

Agilent 34410A multimeter.  The initial diameter was measured using the laser diffraction 

method presented by Zhao et al. [28], which was verified under the scanning electron 

microscope. 
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A tensile test was also performed in-situ under a scanning electron microscope (SEM) 

to observe the morphological changes during the loading of the yarn.  A test specimen was 

loaded into an MTI tensile stage between two clamps, similar to the tests performed using the 

Shimadzu.  With the SEM chamber open, the tensile stage was placed inside and the 

electrical connections for the stage’s motor and extensometer were made via a special port on 

the side of the chamber.  Then the chamber was sealed and pumped down to the working 

pressure of the SEM.  Once the microscope was calibrated, a section of the yarn with a clear 

surface feature could be chosen to assure that the same section of the yarn was observed 

through the entire tensile test.  An image of this section was taken before loading to provide a 

reference.  Next, the stage imposed approximately 0.1% strain and held the sample at this 

Figure 4: Gage paper for CNT yarn tensile testing. Follows ASTM 3822 test standard 
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load for almost 30 seconds; long enough to image the specimen.  The yarn was then loaded 

an additional 0.1% strain and imaged again.  This process was repeated until the yarn failed.  

After breakage, the failure surfaces were also imaged.  
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Chapter 3: Electromechanical Behavior of Free-spun and Pre-compacted Carbon 

Nanotube Yarn Sensors 

 

3.1 Abstract 

Carbon nanotube (CNT) yarns show great multifunctional properties; they can be 

embedded in composites; serving as both strain sensors and load-carrying filaments.  In this 

paper, the mechanical and associated electrical resistance behaviors of the CNT yarns, which 

are either free-spun or pre-compacted, are examined in detail.  In-situ SEM imaging was 

taken during tensile tests to provide insightful understanding of the dimensional change of 

the CNT yarns and structural evolution of the CNT bundles at the subscale.  The stress-strain 

and electromechanical curves of the CNT yarns can be largely described by a three-zone 

behavior.  The increase of electrical resistance (dR/R) per unit strain (i.e. strain sensitivity or 

gage factor) of the CNT yarns is measured in the range between 0.4 and 0.5.  By using an 

ethanol shrinking method, the low-stiffness first zone can be reduced or even eliminated, 

however this negatively impacts the gage factor.  This work improves the understanding of 

the interplay relationship between the mechanical and electromechanical behavior, which can 

contribute to enhanced CNT yarn sensor technology. 

3.2 Introduction 

Over the past two decades extensive research has been conducted on individual 

CNTs.  Their unprecedented mechanical and electrical properties have been demonstrated by 

many researchers.  A number of groups (e.g.,  [6], [7], [8], [9], [10]) have shown the Young’s 

modulus to be in the range of 1-1.8 TPa.  Similarly, Yu et al. [3] showed that multi-walled 

nanotubes (MWNTs) can have a strength ranging from 11-63 GPa.  For single-walled 
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nanotubes (SWNTs), the electrical conductivities are as high as 10
6
 S/cm in a short 

length[31], and for MWNTs conductivities as high as 1.25×10
3
 S/cm have been reported 

[32].  Furthermore, Dai’s group [33] proved that SWNTs can have electromechanical gauge 

factors (GFs) of 40-1000, depending on their chirality. 

Fan et al. [13] introduced spinnable CNT arrays in which CNT forests grown under 

proper conditions are capable of self-assembling into thin ribbons, which can then be twisted 

to create CNT yarns.  The macro-scale yarns may provide high potential for practical 

application of CNTs.  However, the mechanical properties of the macroscopic yarn have 

shown significant reduction compared with that of individual nanotubes, mainly due to loss 

of load transfer among the tubes within the yarn.  A lot of attention has been paid to 

investigating the strength and stiffness properties of pristine CNT yarns and values ranging 

from 300-1191 MPa and 30-275 GPa, respectively, have been reported [20], [12].  The 

electrical properties of CNT yarns have also been explored and their conductivity is 150-595 

S/cm [34], [35], [36].  Finally, a few groups have researched the yarns’ electromechanical 

characteristics and shown resistivity sensitivity with good repeatability [28], [37].   

With such a range of appealing properties, CNT yarns are expected to have good 

potential for several applications.  As a structural material, CNT yarns have been proposed as 

ideal reinforcements for composites and have been considered as a competitive alternative to 

carbon fiber.  Metal matrix composite CNT yarns have also been proposed wherein Cu/CNT 

and Au/CNT composite yarns were produced, which have an electrical conductivity two 

orders of magnitude greater than that of pristine CNT yarns [38].  Embedded CNT strain 

sensors, potentially an important multifunctional application have also been proposed since it 



16 

is less intrusive.  Good conductivity makes them an ideal candidate for structural health 

monitoring, while their strength offer substantial reinforcement, or at least make them non-

parasitic when compared to conventional strain sensor technologies [28], [37].  In addition, 

CNT films have been introduced as both composite reinforcements and surface-mounted 

strain sensors.  This paper explores the interplay between the mechanical and 

electromechanical characteristics, which are essential for insightful understanding of the 

behavior of multifunctional CNT yarn sensors. 

3.3 Experimental 

The vertically aligned MWCNT arrays were grown on a quartz substrate by the 

“chloride mediated chemical vapor deposition (CVD)” method developed by Inoue et al. 

[39].  Typically, a substrate that is 75 mm long and 25 mm wide was cleaned by ethanol and 

placed at the center of a horizontal quartz tube furnace.  Acetylene was used as carbon source 

and CNT growth was carried out at a furnace temperature of 760 °C at  3 Torr.  The as-

synthesized MWCNTs have a height of ~600 µm, an outer diameter of 30-40 nm and 

approximately 40 walls.  The array height was measured using a calibrated scale bar in an 

optical microscope (30×).  The diameter of the MWCNTs was measured using the ImageJ 

software, based on the transmission electron microscopy (TEM) images acquired by a JEOL 

2000FX TEM operated at 200 kV.  The morphology of the CNT arrays was investigated 

using a field emission scanning electron microscope (FE-SEM) (JEOL 6400) operated at 5 

kV.  

The aligned CNTs were then drawn into a yarn by a solid state spinning process 

which involves horizontally drawing a ribbon from the forest and simultaneously twisting it 
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using a rotating spindle spun at a speed of 1000-2000 rpm (Figure 1).  The surface twist 

angle can be calculated using Hearle’s equation for short staple twisted yarns [29];     ( )  

   , where α is the twist angle, T is the ratio of twist speed to draw speed, and d is the yarn 

diameter.  Yarns of 40 cm long were spun at a time and the central 30 cm were divided into 7 

specimens for electromechanical characterization. 

 

 

 

 

 

Looking at Figure 1, it can be seen that the yarns were attached to slotted paper with 

epoxy (made from Epon
TM

 813 and Epicure
TM

 9551 with a ratio of 2:1).  The rectangular slot 

Figure 1: Yarn spinning apparatus 
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was made so as to have a gauge length of 10 mm and epoxy was deposited on either end of 

the slot.  To facilitate electrical measurement, copper connections were made to the yarn by 

using silver paste and the wires were attached to the paper using epoxy.  The copper wires 

that were used were 80 microns thick.  

 

 

 

 

 

The ASTM 3822 standardized test procedure was used for all tensile tests.  The 

specimens were mechanically tested by loading them onto a Shimadzu tensile tester (EZ-S) 

with a 2N load cell and then cutting the side tabs of the paper backbone.  Simultaneous four 

probe electrical resistance measurements were obtained by connecting the copper wires to the 

Figure 2: Gage paper for CNT yarn tensile testing. Follows ASTM 3822 test standard. 
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electrodes from an Agilent 34410A multimeter.  The initial diameter was measured using the 

laser diffraction method, which was verified under the scanning electron microscope. 

A tensile test was also performed in-situ under a scanning electron microscope (SEM) 

to observe the morphological changes during the loading of the yarn.  A test specimen was 

loaded into an MTI tensile stage between two clamps, similar to the tests performed using the 

Shimadzu.  With the SEM chamber open, the tensile stage was placed inside and the 

electrical connections for the stage’s motor and extensometer were made via a special port on 

the side of the chamber.  Then the chamber was sealed and pumped down to the working 

pressure of the SEM.  Once the microscope was calibrated, a section of the yarn with a clear 

surface feature could be chosen to assure that the same section of the yarn was observed 

through the entire tensile test.  An image of this section was taken before loading to provide a 

reference.  Next, the stage imposed approximately 0.1% strain and held the sample at this 

load for almost 30 seconds; long enough to image the specimen.  The yarn was then loaded 

an additional 0.1% strain and imaged again.  This process was repeated until the yarn failed.  

After breakage, the failure surfaces were also imaged.  

3.4 Results and Discussion 

The results of the tensile tests are presented in Figure 3.  The typical trend of an ‘S’-

shaped stress-strain curve (blue) characterized by three zones of varying gradients can be 

seen.  Zone I begins with a moderate slope, slowly increasing with strain into zone II where 

the slope remains constant for a significant period of the test.  Zone III becomes apparent as 

the stress-strain curve indicates yielding and then failure.  The electromechanical data shown 

in red comprises dR/R versus strain, and even these figures reflect three distinct gradients 
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indicating three zones; however, zone III here shows a further increase in the slope with 

respect to zone II.  All of this is illustrated schematically in the right image of Figure 3. 

 

 

Figure 3: Electromechanical tests including Stress vs. Strain and dR/R (left); Schematic of 

three zones behavior (right) 

 

 

 

From the SEM images in Figure 4, it can be obviously seen that the level of waviness 

decreases from zone I to zone II and then further reduces from zone II to zone III.  In 

addition, there is a 34% decrease in yarn diameter and failure occurred at 5.8% strain.  Figure 

5 illustrates the evolution of the constituent wavy nanotube bundles as they are first 

straightened, then strained, and finally slid apart.   
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Figure 5: Evolution of wavy nanotube bundles within a yarn during loading 

Figure 4: SEM images showing structural change of the yarn during loading 
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This simply illustrates how external force induces internal forces on the two wavy 

CNT bundles causing them to elongate and hence straighten.  In this process the internal 

stress mainly removes the waviness from the CNT bundles.  Since the majority of the 

nanotubes are not yet experiencing longitudinal deformation in the bundles, the slope of 

resistance versus strain remains low.  

Once the loaded portions of the bundles are pulled taut (shown in blue in Fig. 6), each 

bundle experiences relative deformation that manifests in the yarn’s stress-strain curve as an 

increase in stiffness.  This is region is defined as zone II.  Mathematically, this can be proven 

using the equation proposed by Hearle [29].  

 

E
yarn

  [cos ( ) [1 − 𝑘 𝑐𝑜𝑠𝑒𝑐 ( )]] ∗ E
bundle 

 

where 

 𝑘  
√ 

   
(
  

  
)
  

  

 

In practical applications that include wavy or crimped fibers, the length (Lb) is 

defined as the projected length of the bundle along its longitudinal path within the yarn; that 

is, the distance between the endpoints of the nanotube bundle are considered as the length of 

the fiber.  As the bundle straightens and the waviness is reduced, the projected length 

increases, which increases the stiffness of the yarn.  This is a smooth change since all of the 
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bundles do not begin this transition simultaneously.  The electromechanical curve also shows 

an increased gradient, indicating that the nanotubes are in fact experiencing strain. 

Upon further straining in zone II, the load reaches a threshold where the frictional 

force between the bundles cannot be maintained and sliding is induced, which initiates zone 

III.  The primary mechanism is sliding rather than fracture of individual nanotubes [40] and 

as more and more nanotubes slip the gradient of the stress-strain curve reduces.  This results 

in yielding and finally failure.  Inversely, the gradient of the electromechanical curve 

increases sharply due to the reduction in electrical contacts between nanotubes.  This 

proceeds until complete failure occurs where the stress falls to zero and the resistance 

increases drastically. 

The images of the fracture surfaces that were captured during the in situ SEM tensile 

test are shown in Figure 6. 

 

  

 

 

 

 

 

 

 

 
Figure 6: SEM images of failure surfaces 
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Close inspection reveals that the inner nanotubes achieved extremely high parallelism 

during failure.  This proves that the strain can force the tubes to improve their alignment, and 

when sliding occurs just before failure the waviness is almost completely eliminated as the 

fibers slide along each other and apart.  This phenomenon is achieved purposefully when 

processing conventional yarns by way of drafting.  This controlled process induces sliding 

infinitesimally along an untwisted yarn which forces improved alignment between fibers just 

before twist is inserted. 

The final issue to discuss with regard to the three zone behavior is the effect of the 

diameter reduction during loading.  The in-situ SEM tensile test revealed that the diameter 

reduced linearly from 47 µm to 32 µm; a 32% reduction.  The apparent Poisson’s ratio can be 

conveniently calculated by (−
            

       
 ) giving a value of 5.5; which confirms that 

constant volume is not maintained since this value is greater than 0.5.  Upon loading, the 

induced radial strain helps to transfer load between bundles and force them to elongate and 

straighten.  In a study by Miao [36], the resistance of the yarn is directly related to its 

porosity, or compactness.  Using this study to calculate porosity, the in-situ SEM specimen 

was initially 87% porous and failed at 73%.  This results in a linear decrease in resistance.  

Simultaneously, the peizoresistance increase of the constituent nanotubes first has a low 

slope region due to their initial waviness, followed by a steep nonlinear rise [33].  Zhao [28] 

introduced an equation to illustrate this simultaneous effect within a loaded yarn.  
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where Rs is the contact resistance within the yarn, which is results from a finite number of 

electrical pathways from one end of the yarn specimen to the other as current travels along 

individual nanotubes and hops to the next.   

 RCNT defines the collective internal resistance of the nanotubes.  This factor will 

change with strain as shown by Cao [33].  As expected, the increase in resistance is caused 

by elastic strain in the nanotubes; however, it is counteracted by the decrease in contact 

resistance upon compaction from induced radial strain.  Figure 7 illustrates this effect. 

 

 

 

 

 

This can explain why the yarns’ gage factor is only 0.4-0.5 whereas individual 

nanotubes have proven to have gage factors in the range of 50-1000.  In order to achieve a 

linear sensing response over the majority of the yarn deformation for practical sensor 

applications, a viable approach is to introduce pre-compaction to the yarn. 
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Figure 7: Superposition of competing effects causing low sensitivity 
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To densify the yarn into a more compact configuration, shrinking by immersion in an 

ethanol droplet has been investigated by [26],[25].  They showed in micrographs that the 

free-spun gaps between bundles as well as a large portion of their waviness can be reduced 

using this method.  Therefore, the ethanol shrinking method may also be used to pre-compact 

the yarn before performing electromechanical testing. It is hypothesized that this method can 

eliminate the zone I behavior in both the mechanical and electromechanical performance 

curves.  

 

 

 

 

 

A yarn was spun using the same method discussed earlier.  Afterwards it was placed 

on a stationary frame.  An ethanol droplet was applied to a 16 gage wire, and can hang as 

long as the droplet size is controlled.  The yarn was immersed at one end into the droplet and 

then carefully moved sideways until the droplet reached the opposite end.  This procedure 

Figure 8: Ethanol shrinking method for pre-compaction 
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was repeated three more times to ensure adequate shrinking.  Once completed the yarn was 

divided up into several specimens and attached to the gage paper for testing.  See Figure 8. 

The same test method was used for the pre-compacted yarns.  The initial diameter 

was reduced from 42 µm to 29 µm, indicating effective shrinking, and the initial resistance 

was reduced to 537Ω which indicates improved internal contact resistance and thus effective 

pre-compaction.  Figure 9 shows how these yarns possess a two-zone behavior.  As can be 

seen by the blue line in the left figure, the initial low-modulus portion has been eliminated 

from the stress-strain curve.  This proves that reduced waviness induced during radial 

compaction results in a stiffer yarn and that in the three zone yarns the initial strain was not 

in fact strain with respect to the constituent bundles, but instead only straightening.   
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In contrast, the electromechanical behavior does not reveal a similar improvement.  

As can be seen in Figure 9, the red curve still has a low-slope region, which eventually 

increases and a subtle third zone still exists.  Additionally, the average gage factor is reduced 

to 0.2-0.3.  This is contrary to what was expected since pre-compaction should have 

decreased the contact resistance effect.  

This counterintuitive result can be explained by referring to Maio’s paper once again 

[36].  Here, a theoretical model developed by Van Wyk [41] shows that as the porosity 

decreases not only does the number of contacts increase (hence reducing contact resistance), 

but it is nonlinear.  Therefore, pre-compaction places the yarn in a region on this curve where 

the contact resistance is more sensitive to compaction.  The negative slope of the contact 

resistance line (Rs) shown in Figure becomes more negative.  As external loading induces 

radial strain, the pre-compacted yarn’s contact resistance will decrease more than in the free 

spun yarn.  

3.5 Conclusions 

Electromechanical characteristics of individual CNTs [33], CNT yarns, and in situ 

SEM tensile testing were used to elucidate why 3-zone behavior exists in the mechanical 

behavior.  Waviness within the yarn results in a region of low slope in the mechanical and 

electromechanical curves.  With a reduction of waviness due to uniaxial stress, a rise in the 

modulus and electromechanical sensitivity was observed.  The correlation between the two 

curves became evident when comparing their three-zone behaviors.  Mechanical yielding and 

large resistance increases both suggested the onset of significant slipping followed by loss of 

contacts among CNTs.  In addition, two-zone mechanical behavior was made possible by 
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first pre-compacting the yarn using the ethanol shrinking method.  While the reduced 

waviness has improved the mechanical behavior, it had an adverse effect on the 

electromechanical properties.  Although the contact resistance was improved, it is evident 

that the rate of change of this factor is enhanced upon pre-compaction, resulting in a stronger 

contact resistance hindrance to the sensor’s performance.  Therefore, only substantial 

elimination of porosity and thus minimization of radial strain can ultimately enhance the 

sensitivity while simultaneously improving mechanical behavior.  This work indicates that a 

good correlation between the mechanical and electromechanical characteristics exists and 

understanding of their effect on each other may help with developing better CNT yarn sensor 

technology.  
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Chapter 4: A New Perspective on Hierarchical Structure to Analyze Strength Limiting 

Factors of CNT Yarns 

 

4.1 Abstract 

The astonishing properties of carbon nanotubes (CNTs) at the nanoscale have not 

been effectively translated into the CNT yarn at the macroscale.  Thus, quantitative 

assessment to identify the strength-limiting factors for CNT yarns is needed.  By observing 

that CNT yarns resemble conventional textile yarns, textile knowledgebase based on 

continuum mechanics is used to provide a new perspective on the hierarchical structure of 

CNT yarns.  Bundles are identified as the most basic unit; the CNT is a sub-basic unit.  Four 

length scales (CNT, bundle, pack, yarn) are introduced to identify and evaluate strength 

limiting factors that occur either within each distinct scale or the interaction between them.  

Four top-level parameters are defined to quantify the strength-limiting factors and simulation 

results are congruent with currently available experimental data.  This new perspective is 

then used to explore solutions and illuminate the future potential of the CNT yarn.  This 

shows the promise for CNT yarns in advanced multifunctional applications. 

4.2. Introduction 

Since their discovery in 1991 [1], individual carbon nanotubes (CNTs) at the 

nanoscale have been studied quite extensively and have proven to have extremely high 

strength.  However, this is not translated into the mesoscale CNT yarn.  Instead of breaking 

stress values as high as 150 GPa [2] in the nanoscale, the maximum published value for a 

CNT yarn is 3.3 GPa [3], only retaining about 2% of that in individual CNTs. 
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Individual CNTs can exist as either single-walled or multi-walled forms.  Single-

walled nanotubes (SWNTs) can have a diameter as small as 1 nm [4]; however, their 

diameters can vary depending on growth conditions similar to nucleation and growth in other 

materials such as carbon steel alloys.  Multi-walled nanotubes (MWNTs) are simply 

concentric SWNTs.  The innermost wall can be as small as 1 nm while the outermost shell 

can be 40 nm or more [5].  Additionally, these nanotubes can be several centimeters in length 

[6],[7], giving them incredibly high aspect ratios, and the fact that they are hollow cylinders 

makes them very lightweight. 

Both the theoretical and experimentally derived stiffness and strength values of CNTs 

are quite high.  A number of groups [8], [9], [10], [11], [12] have shown the Young’s 

modulus to be in the range of 1-1.8 TPa.  Yu et al. [13] showed that single-walled nanotubes 

can have a strength ranging from 13-53 GPa, and multi-walled strengths of 11-63 GPa [5].  

In addition, Demczyk et al. [3] used a direct loading method and obtained MWNT strength 

values as high as 150 GPa.  As one can see, these mechanical properties make carbon 

nanotubes an appealing candidate for structural applications.  

In order to scale-up production of CNTs, carbon vapor deposition (CVD) is a method 

of choice.  With CVD, billions of nanotubes are grown, analogous to a forest, upon a 

substrate.  This procedure usually takes less than 1 hour to perform [13], so it is easy to see 

how this method has the most promise for supplying carbon nanotubes on an industrial scale. 

The nanotubes produced and used for yarns have an aspect ratio ranging from 30,000 – 

65,000 [6],[14] and one square centimeter of CNT forest can produce over 100 meters of 

yarn.  
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The drawback to the CVD method, however, is that the nanotube length is limited.  

The spinning method introduced by Jiang et al. [15] requires that the forest be drawable. 

Sufficient conditions to make this possible remain still largely unknown, but only heights of 

just above 1 mm and shorter have proven to be drawable thus far. Additionally, the quality of 

the CNTs is difficult to control; they are very sensitive to the growth conditions, and their 

effect on the resulting array is still poorly understood.  Large amounts of amorphous carbon, 

crystallographic defects, and catalyst remnants can exist [16], [17], [18], [19].  Finally, the 

nanotubes that exist in these arrays are multi-walled, with the number of walls ranging from 

2-3 in some forests, to 30-40 in others [20].  Drawable single-walled arrays have not yet been 

reported.  In conclusion, nanotube synthesis using the CVD method is largely an art at the 

current state, and several growth conditions can affect the resulting properties of the 

nanotubes in the forest.  Although there are inherent limitations with this method, these do 

not outweigh the advantage of cost effective mass production.    

The dry spinning process initially developed by Jiang et al. [15] is a direct method for 

producing carbon nanotube yarns.  Atkinson et al. [21] showed how the twist is inserted into 

a CNT ribbon drawn horizontally from the forest.  It was observed clearly that a network of 

CNT bundles, roughly the length of the CNTs in the forest, self assembles into a continuous 

ribbon, followed by twisting the ribbon to form a CNT yarn.  Several other groups have 

explored how the mechanical properties of the CNT yarns are dependent on a number of 

variables such as the array height, CNT diameter, and number of walls; as well as the yarn 

twist angle, diameter, and density [3], [14], [20], [21], [22], [23], [24], [25].  Other groups 
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have also investigated post-processing techniques to improve the mechanical properties of 

the yarns (e.g.,  [14], [26], [27], [28]).  

The observed mechanical properties of CNT yarns are disappointingly low when 

compared with the nanotubes that they are originally made of.  The highest strength 

published is a single data point of  3.3 GPa by Zhang et al. [3]; whereas the average reported 

value falls closer to 1 GPa [14], [20], [22], [24], [26].  Similarly, the modulus achieved by 

CNT yarns is only 30-275 GPa [14], [22], [26], [29].  All of these findings come from yarns 

using nanotubes produced using CVD.  These are multi-walled CNT forests with heights 

ranging from 300 µm to 1.1 mm; and with diameters ranging from about 8 to 40 nm [30].  

Many of the groups working on CNT yarn characterization have investigated and 

suggested as to why such a large disparity exists between the mechanical properties of the 

CNTs and the properties of the yarns.  They have employed bottom-up approaches starting 

from the nanoscale in conjunction with complex, multi-scale numerical simulations, (e.g., 

[24], [31], [32], [33]).  A group led by Espinosa et al. [34] provides insight for 

characterization carbon-based nanomaterials across multiple length scales. 

The paper proposes a new perspective analyzing and quantifying the strength limiting 

factors from a top down approach based on continuum mechanics.  [31] This organization of 

the paper is given as follows.  Motivated by the strength behavior of the CNT yarn 

resembling conventional macroscopic yarns, Section 2 introduces a new hierarchical 

architecture on CNT yarns.  Focus is given to the strength limiting factors for each length 

scale from a top-down perspective.  Ten factors are identified, among which four top-level 
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parameters are quantified.  Section 3 utilizes this new perspective to detail the possible 

solutions to mitigate such strength losses and explores future potential of CNT yarn strength.  

2. Strength losses in CNT yarns 

The nature of the geometrical hierarchy of a CNT yarn across many scales can be 

conveniently used to provide great insight on the root cause of the strength losses.  To begin 

with the discussion, a consistent nomenclature convention should be established, as it is the 

opinion of the authors that confusion persists within the research community; which fuels 

inaccurate citations and misleads future research.  The longstanding field of textile 

mechanics can be used as a guideline for this convention. 

 To facilitate the comparison with textile yarn in a similar scale, in this context the 

individual carbon nanotube tube is considered to be a sub-basic element in the CNT yarn.  

Due to strong van der Waals attraction [36] between drawable nanotubes within the forest, 

the CNTs group together into bundles.  As the forest is drawn into a ribbon, these bundles 

stay intact.  This phenomenon was studied in detail by Kuznetsov et al. [37] in which a video 

of the drawing process shown in the supporting material clearly shows bundles being drawn 

from the forest.  Furthermore, Fang et al. [25] claimed that “the average bundle contains 

roughly 25 MWNTs and there is wide distribution in the degree of bundling (from 1 to ∼60 

nanotubes in a bundle).” Other publications have found bundles containing up to 100 CNTs 

[4], [24], [38].   

 Since the shear strength between the bundles within the yarn upon loading is not 

sufficient enough to overcome the van der Waals attraction between CNTs within bundles, 

and naturally the predominant morphology within the ribbon twisted to form the
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yarn is in the form of bundles; this can be considered the most basic unit.  The bundle length, 

lb , is approximated by lCNT observed from Atkinson et al. [21]. 

 

   

 

Figure 1: Proposed hierarchical architecture of the CNT yarn 
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Pack Scale 
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By definition, a textile yarn consists of the basic unit:  fibers, twisted together.  Two 

types of fibers exist:  continuous filament fibers and short staple fibers [35].  The continuous 

filament requires that the twisted length of the fibers equals the length of the yarn; that is, 

they are continuous from one end of the yarn to the other.  Short staple yarns are much more 

prevalent in conventional textiles.  In fact, twist is “the only reason why an assembly of short 

fibers holds together as a yarn” [35].  In comparison, the CNT bundle is equivalent to the 

textile fiber, and since the bundles of the CNT yarn are discontinuous fibers, this twisted 

CNT yarn is equivalent to a short staple fiber yarn.  

Next, it is well known in the conventional textile field that during processing, the 

staple fibers bundle together [39].  This means that a standard textile yarn consists of twisted 

bundled fibers.  The fiber in CNT yarn is already termed ‘bundles,’ and in order to estimate 

CNT yarn strength using textile models, a new scale in the hierarchy is added.  CNT bundles 

that bundle together are called packs of bundles.  Figure 2 shows these packed bundles 

appearing in CNT yarns.   

The final scale in the hierarchy is the yarn itself.  In conventional textiles, this is 

technically defined as twisted bundles of fibers.  However, for the carbon nanotube system, 

the CNT yarn is defined as twisted packs of bundles.  These bundles are made up of the sub-

basic unit; the carbon nanotube (See Table 1).  This realization, along with the above 

mentioned hierarchy is required to investigate the root causes for strength losses in the 

mechanical potential.  Additionally, by comparing the aspect ratios of the elements within the 

two systems, it becomes clear quantitatively why the behavior of the CNT yarns is quite 



37 

analogous to conventional textiles.  Finally, the clear distinction of terms provides a naming 

convention which will eliminate much confusion that exists in the research community. 

 

 

Table 1: Comparison of designated hierarchical scales between CNT and textile yarns 

CNT yarn Textile yarn 

Hierarchical 

length scale 

SEM 

image 

Dim. 

range 

Aspect 

ratio 

(approx.) 

Hierarchical 

length scale 

Micro- 

graph 

Dim. 

range 

Aspect 

ratio 

(approx.) 

CNT 

(nano) 

 

D ≈ 

nm;   l 

≈µm 

30,000
†
 

[20] 
-- --  -- -- 

Bundle 

(micro) 

 

D ≈ 

nm;   l 

≈µm 
1,200* 

Fiber 

(micro) 

 

D ≈µm;   

l   ≈ cm 
500 
 [40]

 

Pack 

(meso) 

 

D ≈µm;    

l ≈µm 
48** 

Bundle 

(meso) 

 

D ≈ 

mm;  l  

≈ cm 

20** 

Yarn 

(macro) 

 

D ≈µm N/A 
Yarn 

(macro) 

 

D ≈ mm N/A 

†
Only NT aspect ratios from drawable arrays are considered 

*Assumes 25 NTs in a bundle[25]; Bundle length equals individual CNT length. 

**Assumes 25 fibers/bundle or bundles/pack, respectively. Length equals individual fiber or bundle length 

Yarn aspect ratios are not calculated because they can be spun indefinitely long, given enough raw 

material 
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Several papers on CNT yarns have published stress-strain data that proves that the 

yarns behave very similarly to conventional textiles [23], [25].  For instance, a comparison of 

the findings from [25], a CNT yarn paper, with [35], a highly regarded theoretical model for 

conventional yarns, as shown in Fig. 1. 

The curves in Figurea are plotted from Eq. (2).  In this equation, α is the twist angle at 

the surface, lb ( ≈ lCNT) is the characteristic length of the CNT bundles, a is the bundle 

radius, and µb is the coefficient of friction between the bundles.  The value, Q, is the 

migration period.  Finally, the subscript p represents these variables at the pack level.  The 

development of these variables will be discussed in more detail later. 

 
     

  
 cos   (1 − 𝑘 cos c   ) (2) 

where k is a knockdown factor for the short staple fiber.  This factor involves the non-

dimensional parameter (aQ/lb
2
) and is inversely proportional to the friction coefficient µb 

between CNTs. 

 𝑘  
 

  
(
  

  
 ) (3) 

The tension at a given level of strain can be estimated using Eq. (2) and is adopted 

here as: 

        cos
  (1 − 𝑘 cos c   )    (4) 

As one can see, the twist angle and bundle length are critical parameters contributing 

to the strength of the yarn.  Since the height of drawable CVD-grown arrays is limited,  
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twisting of short staple bundles is a necessary evil required to obtain a CNT material that can 

be used for large scale applications: CNT yarns. 

4.3 Strength losses at the CNT scale 

The carbon nanotubes that make up the bundles (fibers) in the yarn are where the 

strength of the yarn strength originates from.  The strength of each bundle is directly related 

to the quality of the CNTs within those bundles.  Therefore, defects in these CNTs can lead 

to significant loss of strength for the bundles, and hence losses in the yarn.  Intrinsic defects 

in CVD-grown CNTs are mainly crystallographic defects caused by atomic vacancies, such 

as Sone Wales defects [16].  High levels of such defects can lower the tensile strength of 

Figure 2: Comparison demonstrating that the mechanical behavior of the CNT yarns 

resembles textile yarns. (a) Analysis from Hearle et al. [35], and (b) experimental data 

from Fang et al. [25]. 

Continuous  

(a) (b) 
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CNTs because these defects compose the weakest segment in the nanotube structure and the 

tensile strength of the tube depends on these first-to-fail defect region bonds.  The insertion 

of non-hexagonal defects in seamless hexagonal carbon structure can cause bent (kink) [17], 

branched [41], and coiled [42] CNT structures (Figure 8a), which in turn incur localized 

stresses under loading.  Metal catalysts, in the form of pure metals, carbides or oxides are 

usually difficult to remove after CNT synthesis.  They are often encapsulated by layers of 

graphitic carbon (as shown inFigure 8b), and become weak points to cause CNT breakage.  

Defects can also be introduced by processing, for example, purification, functionalization or 

doping.  Moreover, a variety of disorders exist in CNT materials, such as amorphous carbon, 

mesoscopic graphitic carbon flakes, and non-carbon impurities.  Finally, the rapid and non-

equilibrium growth dynamics can lead the MWCNTs to disorders such as tapering cylinders, 

variable numbers of carbon layers, partial interior filling (Figurec) and “bamboo” defects 

[16] (Figured).  These defects all adversely affect the mechanical properties of CNTs.   
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Figure 3: TEM images of MWNTs with various defects or disorders. 

(a) A coiled MWNT. (b) A MWNT encapsulating metal catalyst in the structure. (c) MWNT 

with tapering cylinder, variable numbers of carbon layers and partial interior filling. (d) 

“Bamboo” defects 

 

 

Another major source for strength loss in the yarn arises from the fact that most of the 

nanotubes are multi-walled.  This has two consequences.  First, the occurrence of inner shells 

means that the outer shell diameter is driven by the number of concentric tubes and the inter-

wall spacing formed by interatomic forces between walls.  For example, one growth method 

produces a forest with 50-walled MWNTs:  8 nm inner shell diameter and an outer tube with 

a diameter of 38 nm.  Since a system of nanotubes such as a short staple yarn relies on intra-
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tube shear stress for load transfer along the length of the yarn, the innermost nanotubes do 

very little for carrying that load.  Therefore, using the annular area represented by the sheet 

thickness of graphene [5],[8] and the diameter of the outer shell is highly improper when 

dealing with the yarn system.  Since the inner walls and hollow areas of the MWNTs are not 

free variables to be tailored, this enclosed area should be considered when calculating 

strength.  The top-down apparent strength, which is calculated using the enclosed area, needs 

to be used.  Yu et al. [6] observed ‘sword and sheath’ failure mechanism further proved that 

the inner walls do little to nothing for carrying the applied load.  Fortunately, this group 

provided the raw force data along with the diameters of the test specimens so that 

recalculation using the enclosed area can be performed.  Table shows the original 

experimental data and the recalculated apparent strength. 

 

 

Table 2: Apparent strength using enclosed area (σs*) recalculated from data listed in Yu et al. 

[6]  

l0 (µm) ID (nm) OD (nm) Fs (nN) σs (GPa) σs
*
 (GPa) 

6.50 N/A 19 400 20 1.41 

6.87 N/A 20 1340 63 4.27 

11.0 9.5 33 810 21 0.95 

1.80 10 36 920 24 0.90 

2.92 N/A 13 390 28 2.94 

6.67 4.0 22 810 35 2.13 

6.04 4.0 22 920 39 2.42 
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The nanotube outer diameter (OD) and the breaking force (Fs) were used to calculate 

the apparent strength (σs*).  There are other groups [43] that have published their raw data, 

thus allowing for recalculation.  It is clear from this investigation that the apparent strength, 

i.e. the strength of the nanotube within a shear stress load transferring system, is much lower.  

An additional observation is that the fewer the number of walls, and therefore the smaller the 

outer diameter, the closer the reported strength and the apparent strength are.  This means 

that single-walled nanotubes would be the best candidate, since the disparity between the two 

strength definitions would be minimized.  A 1.36 nm SWNT with a reported strength of 53 

GPa would have an apparent strength of 48 GPa.  (The annulus thickness is assumed to be 

0.34 nm.) 

The final strength loss at the CNT scale is perhaps the most obvious, yet very often 

overlooked.  The most practical mass production method for synthesizing carbon nanotubes 

is the CVD method, which results in a forest of billions of nanotubes that are only about a 

millimeter long in a relatively short time, is the source of a major strength loss.  With 

continuous filament yarns, twist is not necessary to hold them together.  In CNT yarns, the 

twist is what holds the CNT bundles together.  

The twisting of a continuous filament yarn has a similar effect as inclining a 

unidirectional composite laminate to some angle from the principal longitudinal loading axis 

of that specimen.  In tension, only a component of the fibers’ strength is used to carry that 

load.  In the continuous filament yarn, the strength falls off with the cos
2
 of the twist angle 

[35].  However, in the case of a short staple yarn, some level of twist is required to simply 

lock the system together.  From there, further twist can improve its load carrying capability, 
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up to a point where the negative effect of obliquity outweighs the improving load transfer 

efficiency between bundles within the yarn.  

From Figure 8a, it is clear that there is a lower threshold where a staple yarn cannot 

support any substantial load ( 10 ); and that there is an optimum twist angle for mechanical 

stiffness.  Beyond that, the yarn curve begins to follow the same trend as the continuous 

filament one.  This observation points out several distinct losses.  The further the length of 

the CNT bundles deviates from a continuous case, the lower the strength will be, even at the 

optimum twist angle.  Also, twist is a necessary evil simply because the bundles are not 

continuous, but too much twist degrades the yarn’s mechanical properties.  

4.4 Strength losses at the bundle scale 

The defects in individual nanotubes discussed earlier can also have an effect at the 

next scale:  the bundle scale.  Defects in the tube structure limit how efficiently the nanotubes 

group into bundles.  The model developed by Pan et al. [39], using Coleman [44] and 

Daniels [45], uses a coefficient β1 that mathematically describes the effect of nanotube 

variations on the strength of the bundle.  The equation is reproduced here for convenience: 

 𝛹   
    
  

 𝛽 
     xp (

1

𝛽 
)𝛤 (1  

1

𝛽 
) (5) 

where Γ is the gamma function.  

Note that this equation has been adopted for relevance to carbon nanotube yarns.  The 

factor β1 indicates the level of uniformity of the nanotubes in the bundle.  A high value here 

results in a more efficient bundle.  Figure illustrates this translation efficiency from the 

individual nanotube to the bundle as a ratio versus the shape parameter, β1.  
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Figure 4: Effect of β on the nanotube to bundle efficiency. Adopted from Pan et al. [30]. 

 

 

It is difficult to accurately predict what the shape parameter, β1, in a CNT yarn system 

is.  However, a qualitative comparison can be made between different forests using different 

growth conditions.  Methods such as Raman spectroscopy and X-ray diffraction can indicate 

the level of crystallinity in the array.  This value alone depicts the degree of amorphous 

carbon that exists in the bundle, either around the nanotubes or within the tubes’ structure.  A 

high quality CNT array with almost no defects could have a β1 value in the high 30s which 

would result in better quality bundles and hence a stronger yarn.  This trend can be proven by 

inspecting the work done by Jia et al. [20].  Here, they reported the strength of yarns spun 

from two different arrays where the only major difference is the IG/ID properties.  The forest 

with IG/ID = 0.88 produced yarns with a strength of 689 MPa whereas the second array with 

IG/ID = 0.99 produced yarns with 866 MPa strength.  
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Next, during the drawing phase of CNT yarn spinning, bundles peel away from the 

forest and self-assemble into a CNT ribbon that can then be twisted.  Kuznetsov et al. [37] 

investigated how, as the peeling occurs, the bundles may bend instead of laying all the way 

horizontal before pulling the next series of bundles from the forest.  This results in high 

waviness, or poor orientation, in the ribbon.  In conventional textiles the high waviness is 

defined as highly crimped; furthermore, the fibers that are bent or looped backward are called 

hooked fibers.  To account for this, the average projected length is used to reflect the 

effective length appearing in Eqs. (2) and (4).  This waviness phenomenon also commonly 

prevails in the CNT yarn, and is evidenced by the SEM image of a typical CNT ribbon 

(Figure).  Also illustrated here is how the projected length differs from an ideal straight-

bundle length.  Clearly, the high waviness results in a shorter average projected bundle 

length, producing a higher k-value and ultimately a lower CNT yarn strength, as indicated in 

Eqs. (2) and (3).  Herein, the bundle length is interpreted as the average projected length.  
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4.5 Strength losses at the pack scale 

Recall that a pack is defined as bundles that bundle together during yarn spinning.  

This level of the hierarchy contains many potential strength losses, which are more extrinsic 

here than at the lower levels.  These losses are due to inefficiencies in packing and 

conformity, while intrinsic losses such as bundle uniformity exist also.   

Similar to the study of the effect of CNT defects on the bundling efficiency and the 

shape parameter, the bundles have their own non-uniformity that can be expressed as β2.  

Here the variation of bundles is again caused by the variation of CNTs.  Therefore, defects at 

Figure 5: CNT ribbon consisting of highly wavy bundles due to the nature of their 

synthesis and self-assembly. Projected lengths are illustrated, showing the difference 

from a straight bundle 
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the nanotube scale have a compounding effect moving all the way up to the pack scale.  Each 

bundle of nanotubes will have its own β1 value, resulting in bundles of different strengths, as 

discussed earlier.  Once these bundles group together into packs, a new shape parameter 

exists, although it manifests the same effect as β1 did at the bundle scale.  Figure can be used 

again to illustrate the strength loss that can occur when translating to the pack scale of 

hierarchy. Clearly, the nanotube defects produce a compounding loss in this regard.   

  
  
  
 𝛽 

     xp (
1

𝛽 
)𝛤 (1  

1

𝛽 
) (6) 
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Figure 6: Effect of wide dispersion of bundle size on the packing efficiency of a yarn 
structure. The effect is isolated here; eliminating other major factors for simplicity. 

Calculated strength loss in this example is 10%.  

 

 

Next, the variation in bundle size is a large source of strength loss in the CNT yarn.  

While this factor is included in the current section discussing pack strength, it also affects the 

packing density of the yarn.  In order to isolate this effect, one assumes that we have one 

standard population of CNT bundles; with the average bundle size being 25 nanotubes and 

the range going from 1 to 60 [25] in a single bundle.  One also assumes that the bundles are 
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perfectly straight and all of the same length.  Finally, we will assume that the bundles exist 

only in stable, close-packed structures, and that they will pack as tightly with their neighbors 

as possible (i.e. no unnecessary voids).  With this, a normalized comparison indicating the 

lost potential in packing efficiency can be seen. Figure 6 shows the standard population 

consisting of 53 bundles.  Each nanotube has a diameter of 10 nm.  The bundles are 

assembled into as close of a circular structure as possible, similar to a zero-twist yarn.  Note 

that the bundles may overlap the outline of circular yarn cross-section.  This maintains 

accuracy as no yarn has a perfectly round surface. 

If each of the nanotubes in this idealized yarn model were individualized (meaning 

that no bundles existed) and were hexagonally close-packed; then the packing efficiency 

Figure 7: Yarn migration illustrated (a) (from Google images); Tracer wire showing the 

migrating path within a textile yarn (b) [21] 
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would be close to 91%.  However, in this simple example, the packing efficiency is only 

81%.  This means that even if the bundles were able to pack as efficiently as possible, there 

would still be a 10% loss in potential packing efficiency.  

The question now exists of how this affects the strength of the yarn.  Referring back 

to the paper written by Pan et al. [39], a simplified model for calculating the yarn strength is 

introduced.  Only the bundle strength (here, the pack strength) and coefficients which 

describe the twist angle and volume fraction.  It is adopted here as:  

                (7) 

The twist angle is indirectly defined through the use of the obliquity coefficient,   , 

and the volume fraction, Vf, is directly related to packing efficiency.  The equation is 

modified for context; so    represents the pack strength.  It can be seen that a 10% loss in the 

packing efficiency leads directly to a 10% loss in the yarn’s strength. 

4.6 Strength losses at the yarn scale 

In general, a textile yarn is made up of twisted fibers, most of which bundle together; 

others remain as individual fibers.  In the case of the CNT yarn however, carbon nanotubes 

exist mostly in bundles which, for the most part, group together into packs upon twisting.  

The losses discussed thus far all have a compounding ultimate effect on the mechanical 

strength of the yarn.  There are structural defects at the yarn scale which also produce loss of 

strength.  

CNT yarns are twisted with very little or no tension.  In contrast, during the textile 

spinning process, the ribbon normally comes out from between a pair of rollers that impart 
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tension.  As the textile fibers experience the twist, their elongated helical path introduces 

stresses (under the presence of tension).  In order to alleviate this stress, the fibers attempt to 

follow a helical path of smaller radius (shorter path length) and thus move toward the central 

axis of the yarn.  Hearle et al. [35] has investigated the effect of tension during twisting and 

explains how low tension results in a loosely twisted yarn structure.  He showed that 

increasing tension (up to a certain threshold) has a positive effect on the mechanical 

properties.  

In the CNT yarn spinning process developed by [15], the only tension arises from the 

force required to peel the bundles from the forest.  As of now, it is unknown how low (or 

high) this tension can be.  In order to indirectly evaluate this variable, the density of the yarn 

may be used.  In a method developed by Miao [46], the volume fraction can be induced from 

the porosity using the mass and volume of the yarn and the estimated density of the carbon 

nanotubes. 

    
     

    
 (8) 

The volume of the MWCNTs were calculated using their enclosed area, and the 

weight of the nanotube was calculated by assuming the nanotube to be a hollow cylinder 

[46].  In this case MWCNTs with a 33 nm outer diameter, a 10 nm inner diameter, and a wall 

density of 2.16 g/cm
3
 [47] is assumed.  Findings show that CNT yarns easily fall in the 

category of an aerogel, as they are more than 50% air.  The densities in [46] ranged from 

22% to 48%; using an array of few-walled nanotubes with an outer diameter of 10 nm and an 

inner diameter of 4 nm.  Additionally, in a study performed by our group, yarns with a13% 
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porosity were spun using a forest of almost 40-walled nanotubes.  These results corroborate 

the notion that the yarns are spun under very little tension.   In order to see how this factor 

can affect the strength of the yarn, one can look again at the equation presented by Pan et al. 

[39].  From Eq 6 is clear that the volume fraction,  Vf , plays a critical role in the strength of 

the yarn.   

Another consequence of low tension during twisting of the CNT yarn is poor 

migration. Migration is discussed in great detail by Hearle et al. [35] and is defined as the 

natural tendency of the textile fibers to migrate from the surface toward the center and back 

out again.  During twisting, fibers traveling near the outer surface of the yarn have a longer 

helical path than the ones closer to the center.  Because they all must travel the same 

longitudinal length, the outer fibers tend to migrate toward the center to mitigate their tensile 

stresses and, in turn, push the center fibers outward.  This cyclical process is averaged for the 

entire yarn and is called the migration period.  Figure 8a illustrates migration;  Figure 8b 

shows a tracer wire migrating within an actual conventional textile yarn [35].  With low 

tension during spinning, the CNT bundles do not undergo substantial stress and therefore 

migration is less likely to arise.  This results in a longer migration period, Q, expressed in Eq. 

(4).  

Another consequence of low tension is the occurrence of a wrapped ribbon yarn, cited 

by Hearle et al. [35] in textile yarns, which is highly dependent on the fabrication process.  

Three main variables contribute to the wrapped ribbon are the tension, the aspect ratio 

(width/thickness), and the amount of twist.  If the ribbon initially has a high aspect ratio, a 

low amount of twist will produce a twisted ribbon yarn structure (Figure 8b, high twist).  If 
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further twist is inserted, the structure will evolve into a wrapped ribbon form (Figure 8b, high 

twist).  The higher the initial aspect ratio, the more preferential the wrapped ribbon becomes, 

even at low twist (Figure 8a, low twist).   Figure 8 shows all variations of the development of 

a wrapped ribbon yarn under different degrees of aspect ratio and twist.   

 

  

Figure 8: Effect of ribbon width on the likelihood of a wrapped ribbon 

structure forming. Ribbon (A) is 1 cm wide; (B) is 0.7 cm wide, and 

(C) is 0.4 cm wide. Low twist = 0.2 turns/cm. High twist = 0.45 

turns/cm. From Hearle et al. [21] 
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Figure 9: Wrapped-ribbon yarn due to high aspect ratio CNT ribbon that was twisted under 

very low tension. The striations on the surface reveal the remnant of the wrapping 

mechanism before the ultimate collapse into the final yarn structure 

 

 

The dry spinning process for CNT yarns produces a ribbon usually to be several 

millimeters wide [22], [24], [25] and less than 100μm thick, implying that the aspect ratio is 

extremely high (in Hearle’s study, an aspect ratio of 5 was considered a high value).  

Therefore, with very little tension, it is quite easy to suspect that the resultant yarn will have 

a wrapped ribbon structure.  Figure 9Figure reveals evidence that this has occurred.  Looking 

at the surface structure, it is clear that the CNT ribbon experienced wrapping.  This can also 

be seen in literature by referring to Randeniya et al. [48]. 

Evidence of the effect of wrapped ribbon becomes clear by examining the work done 

by Liu et al. [28] and Zhao et al. [23].  They both showed that as the yarn diameter is 

increased, the strength initially improves, reaches a plateau, and then reduces.  It is important 

to note that in the laboratory setting the diameter of the CNT yarn is dictated by controlling 

the width of the ribbon drawn from the forest.  Therefore, it is clear that the reduction in CNT 

yarn strength was mainly due to the increased occurrence of the wrapped ribbon. 
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Furthermore, Hearle et al. [35] showed that as a wrapped ribbon develops, the central 

area remains hollow.  Eventually, the fibers in this unstable structure collapse inward to take 

on “more favorable positions with shorter path lengths” [35]; however a relic of the open 

space can be present in the form of an asymmetrical cross-section.  Asymmetrical cross-

sections such as sword and sheath can be viewed as a defect which not only degrades the 

strength, but increases scatter between test specimens.  The failure surfaces shown in Figure 

9 confirm this by revealing a sword and sheath cross-section.   

4.7 Summary on strength losses 

To conclude the discussion on losses when translating from the individual carbon 

nanotube to the macro-scale yarn, a unified equation must be developed which takes all of 

the losses into account.  From investigating Pan’s work [39], [40], [49], it is clear that Eq. (2) 

and (7) can be combined.  The factor ηq is an indirect function of the twist angle, α, which 

becomes redundant in Eq. (2).  The volume fraction term (Vf) in Eq. (7) implies a relationship 

to the amount of twist [40]; however the discussion on poor migration and wrapped ribbon 

yarn structure along with measured volume fractions as low as 13% indicate that this 

assumption is unsuited for CNT yarns due to the manner in which they are drawn and twisted 

with very little back-tension.  Hearle’s equation (Eq. (2)) shows a dependence of the yarn 

strength, σyarn, on the strength of the fibers it is made of (in the CNT case: bundles).  This 

deterministic estimation can be broadened to accommodate the statistical strength of the 

packs using Pan’s study [39].  Eq. (9) below shows the resulting hybrid equation as well as 

the supporting equations deriving the pack strength. 
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         [cos
  (1 − 𝑘 cos c )]   (9) 

where σp is a function of the two shape parameters β1 and β2.  With this, a simulation 

can be performed using values either collected from literature or from our group’s data.  Due 

to the lack of information on shape parameters β1 and β2, a conservative value of 30 will be 

chosen, resulting in a bundling/packing efficiency of ~1.1.  Additionally, a migration period 

of 2.5 mm is assumed which is relevant in scale to the assumption made by Hearle et al. [35].  

Finally, a friction coefficient of 0.3 is assumed, following that of Pan [39].   

  Table 4 shows the details of this study.  Figure 10 shows the strength variation 

versus the surface twist angle, α.  This yarn example has an optimum twist angle around 15  

with a tensile strength of 0.095 GPa.  This value falls into the upper bound of yarns tested in 

our lab using this CNT forest.  As stated earlier, the fact that the apparent strength calculated 

from the enclosed area is much lower than the extremely high and appealing reported values 

for CNTs; and the fact that the yarns are twisted under little to no tension, creates an 

incredible source for losses.  In addition, the necessary evil of needing twist in order to lock 

the short staples together further impacts the yarns’ strength.  The other losses claimed here 

may have smaller impacts, but they are compounding, which can result in further detriment 

to the strength.  Table 4 offers a summary of the losses discussed.  
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Table 3: Strength estimation of CNT yarn including all limiting factors 

Vf = 0.13 

σ
CNT

 (diameter = 

36 nm)[5] 
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907 GPa }    (     𝛽  𝛽 ) = 
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Table 4: Summary of losses in tensile strength of CNT yarns 

Length 

scale 

Loss Description Variables 

affected 

Ref. 

C
N

T
  

1 Nanotube 

defects 
Defects such as kinks, branches, coils, etc 

σCNT , σbundle , 

σpack β1, β2 

[16], 

[17], 

[18], 

[19] 

2 Apparent 

strength 

Top-down perspective reveals enclosed area 

must be used to calculate CNT strength 
σCNT 

[36] 

[42] 

3 Short staple 

length 

Discontinuous fibers require twist, friction, 

and migration in order to become a usable 

yarn. 
 , µ, Q, a, l [35] 

   B
u
n
d
le  

4 
Nanotube 

shape 

parameter 

CNT non-uniformity affects how well they 

bundle together. 
β1 [39] 

5 Bundle 

waviness 
Wavy bundles have a shorter effective length lprojected,bundle 

[35], 

[37] 

P
ack

 

6 Bundle shape 

parameter 

Bundle non-uniformity affects how well they 

pack together 
β2 [39] 

7 

Reduced 

potential 

packing 

efficiency 

Bundle size variation limits packing density, 

resulting in a low density yarn Vf [25] 

[39] 

Y
arn

 

8 

Low volume 

fraction 

Drawing tension only arises from the force 

required to peel bundles from the CNT forest. 

Bundles are less likely to follow helical paths 

of smaller radii 

Vf [39] 

9 
Poor migration Migration is a product of tension during 

spinning. This phenomenon is critical for 

yarns 

Q [21] 

1

0 

Wrapped 

ribbon yarn 

A high aspect ratio ribbon plus low drawing 

tension produces a wrapped ribbon yarn. This 

will have an asymmetrical cross-section and 

low volume fraction 

Vf [21] 

        [cos
  (1 −

𝑘 cos c  )]           (8) 
𝑘  

 

  
(
  

  
 )               (2) 
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4.8. Possible solutions and potential 

Now that the major limiting factors have been brought to light, an investigation 

toward solutions can be performed.  It is critical to maintain that these solutions must be 

practical in nature; which that can realistically be accomplished in the laboratory given the 

current and near-future state of the art.  While some virtual concepts presented here may 

prove to be impossible, others that have not yet been proposed could provide the bridge to 

help successfully translate from the nano to macro scale in the form of a high quality CNT 

yarn.  

4.8.1 Strength improvement recommendations 

In keeping with the structure of the previous section, solutions will be discussed in 

order of hierarchy.  First, CNT defects are a property that have been extensively studied; not 

only their effect but also the cause of their existence.  This means that steps to reduce or 

eliminate them are known, and it is only a matter of accomplishing these steps in the lab 

setting.  Drawable CNT arrays with different CNT structures have been produced using 

different growth methods, conditions and carbon sources.  For example, chemical vapor 

deposition (CVD) using iron catalysts produced by electron beam deposition can produce 

CNTs of ≤ 6 nm in diameter and 2-3 walls; while iron chloride mediated CVD method 

usually produces CNTs of  ≥ 17 nm and ≥ 15 walls [20].  Although many-walled nanotubes 

tend to have a highly crystallized structure and less amorphous carbon compared to few-

walled nanotubes, they are more prone to contain structural defects such as kinks, 

encapsulation of catalysts, and disordered graphitic layers.  Therefore, the growth methods 
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that result in long, small diameter and thin walls maximize the strength and stiffness of the 

resulting spun yarns. 

The next nanotube-scale loss is the apparent strength due to the fact that the outer 

wall of a MWNT is the only true load carrying and transferring member, and that past reports 

of nanotube strength have discounted the hollow center area.  Again, in a system of 

nanotubes that transfer load via shear stress, this internal area is of no actual use and 

therefore must be considered as part of the cross-sectional area.  In brief, the larger the outer 

wall diameter, the larger the disparity between reported strength and apparent strength.  A 36 

nm MWNT with a reported strength of 24GPa has an apparent strength of 0.907 GPa.  That 

is a 96% difference.  Alternatively, a 1.36 nm SWNT with a reported strength of 53 GPa has 

an apparent strength of 48 GPa; a 9% difference.  It is clear that a yarn made of single-walled 

nanotubes will more closely reflect the high reported strengths of individual nanotubes.  This 

theory is collaborated in [3], [14], [24], [50], [51], [52], with the addition of CNT length as a 

critical variable; as discussed earlier.  

The question now becomes how might a yarn consisting of high quality CNTs with as 

few walls as possible be obtained.  At present, drawable CNTs are exclusively double-walled 

or multi-walled nanotubes.  Highly drawable CNT arrays are difficult to achieve because the 

drawability is extremely sensitive to the precise growth conditions.  To date there have been 

only a few research groups capable of synthesizing highly drawable CNT arrays [15], [21], 

[22], [52], [53], [54], [55], [56].  Synthesis of drawable CNT arrays is determined by a 

narrow size distribution of catalyst particles, high nucleation density, and clean CNT surfaces 

[57].  Drawability appears fundamentally to be a characteristic of the interaction of CNTs 
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with each other.  Kuznetsov et al. [58] believed that a network of individual CNTs or small 

bundles serve as interconnections between large-diameter MWNT bundles in the array.  

Proper densities of interconnections allow pulling out of CNT sheets through preferentially 

peeling off and self-densification at the top and bottom of the array.  In another study, Zhu et 

al. [59] reported the formation of entangled structures at the ends of CNT bundles at the 

bottom or top of the arrays.  They believed that the self-entanglement effect of CNTs is 

responsible for maintaining the continuity during the CNT drawing process.  Toward the 

growth methods that are realistically possible for resulting in drawable SWNT arrays, one 

may choose a proper method to prepare catalysts with high density, small sizes and narrow 

size distribution; utilize water molecules [60]; and also tailor the microstructure and 

chemistry of the catalyst supporting layer [61].  

Moving on to the bundle scale, one of the losses presented earlier finds its roots at the 

nanotube scale.  If defects are eliminated, not only will it improve the strength of the 

individual tubes, it will improve the shape parameter, β.  It was pointed out in the preceding 

section that some groups have already been able to achieve high quality arrays where the 

strength losses due to this coefficient are almost non-existent.  Further optimization of these 

growth methods will help reduce this effect even further.  

At the pack scale, the shape parameter, β2, will be more predominant since the bundle 

size has so much variation and because the drawing process results in highly wavy bundles.  

Looking again at the graph shown in Pan’s work, (Figure 4) the limiting factor can be as high 

as 0.667 or more.  This is further compounded at the pack scale by the limited packing 

potential.  The ultimate solution to the losses that occur at both the bundle and the pack scale 
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would be to not have bundles or packs altogether.  A yarn consisting of completely 

individualized nanotubes will be able to translate the most efficiency from the nano to the 

macro scale.  

The real-world laboratory solution is very uncertain.  However, in the conventional 

textile field, roller drafting and gilling are two methods that are known to force fibers to 

move relative to one another; therefore establishing a level of individualism.  In the nanotube 

system, while this may be virtually impossible, if accomplished it could reduce the amount of 

grouping of bundles into packs upon twist insertion.  As for separating the nanotubes from 

bundles, this can prove to be far more difficult.  It is already well understood that van der 

Waals forces between these high aspect ratio CNTs results in very strong intra-tube attraction 

at the nano scale.  Bundles have already shown to be very difficult to separate for dispersed 

nanotube applications.  Furthermore, it is theorized by many, including [37], that bundling is 

what facilities drawability of a CNT forest.  This can mean that this problem cannot be 

solved in the growing process, but must be addressed in the spinning process.  Perhaps some 

in-situ chemical, nano-electromechanical, magnetic, or electrostatic method can be 

implemented for this purpose.  

Finally, at the yarn scale, many losses exist because of one common processing 

variable: low tension during twisting.  In brief, low twist density and poor migration are a 

consequence of this.  Also, with a high aspect ratio CNT ribbon, wrapped ribbon yarns are 

likely; which have an asymmetrical cross-section and also result in poor migration.  

Therefore, finding a way to introduce tension during the spinning process without 

deteriorating the quality of the nanotubes or catastrophically ruining the ribbon structure is of 
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paramount importance.  Additionally, tension can help eliminate bundle waviness which will 

further allow for higher twisted density.  Tran et al. [17] added a tensioning rod system 

within their spinning process and showed a moderate increase in strength of more than 

double.  The moduli of these yarns were also increased significantly.  Fan’s group [26] pulled 

yarns through droplets of water, ethanol, and acetone.  The surface tension and viscous forces 

here introduced spinning tension as well as radial compaction which resulted in a denser 

yarn.  The strength improvement was more than double in most cases here; and stiffness was 

improved as well.  

The final loss presented in Table 4 points out the fact that continuous filament yarns 

are not realistically viable at the current state of the art for growing carbon nanotubes.  The 

solution here is simple to point out, but virtually impossible to accomplish.  Long individual 

nanotubes of high quality can be grown to be several centimeters today.  However, even this 

is nowhere near long enough to be used for most macro-level applications such as pure 

structural composites, wearable textiles, or advanced sensors.  Even if it were possible to 

synthesize infinitely long tubes, the cost and time involved using current technologies are 

prohibitive.  Therefore, for the foreseeable future, the only method for mass producing CNTs 

to be used in creating macroscopic materials is the CVD method combined with the yarn 

spinning process.  

4.8.2 Potential CNT yarn strength 

It is important to investigate what the potential of any new material is, or new 

research concept in general for that matter; in order to evaluate how worthwhile it might be 

to work with or use.  At present, it is argumentative what the potential is for the strength of 
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carbon nanotube yarns.  Looking at the reported values of individual nanotubes, CNT yarns 

seem extremely appealing.  However, the reported values for yarns produced thus far have 

been a significant disappointment.  In addition, the yarn structure is very complex.  

Performing any numerical simulation would be a daunting task and the results would be 

highly questionable since many assumptions would have to be made.  

It is time to take a look at a simple simulation and reflect on the worthwhileness of 

this research field.  The following study assumes that some of the critical losses and solutions 

discussed above have been met.  The equations used here are those of Pan et al.[39] and 

Hearle et al.[35], which have been merged to establish a practical deterministic approach.  In 

using Hearle’s equation, it is important to remember that these deal with the modulus of the 

yarn directly.  Strength is impossible to predict exactly using mathematical models due to the 

existence of defects, but stiffness can be estimated and a direct relation exists between the 

two properties.  

It is assumed that a CNT array consisting of single-walled, defect-free nanotubes is 

available, and that it is possible to spin this forest into a yarn.  The length will be assumed to 

be 1mm and that this is preserved even after the forest is drawn into a ribbon and twisted (no 

wavy/crimped or hooked CNTs).  This value must be chosen somewhat arbitrarily, but is still 

based in reality as many drawable nanotube arrays grown today are greater than 1.2 mm.  

Next, the apparent strength of the nanotubes must be chosen.  If the SWNTs are of high 

quality then they should be quite strong; therefore, an apparent strength of 48 GPa is 

assumed.  If sufficient tension is introduced a realistic volume fraction of 65% can be chosen.  

This is an average value, using data presented by Hearle [35].  Good tension also results in 
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satisfactory migration and it is assumed that a wrapped ribbon does not occur.  A value for 

migration period is chosen relative to the simulation from Hearle.  In Hearle’s investigation, 

a value of 2.5 cm was used for a yarn consisting of cm-long fibers.  Therefore, a value of Q = 

2.5 mm is comparable.  It should be noted that inspection of Eq. (2) reveals that this factor 

has a smaller effect on the outcome than others, and therefore an assumption here will not 

misconstrue the results.  Table summarizes the assumptions and critical values used in this 

study.  

 

 

Table 5: Summary of selected values/parameters for ideal CNT yarn study 
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Figure 11: Simulation results showing potential strength of an ideal CNT yarn 

 

 

The shape parameters β1 and β2 do not exist in this study since the CNTs are fully 

individualized.  Effectively, as they approach ∞, the ratios of σCNT/σb
 or σb/σp

 approach 

unity.  Next, Two details should be noted for the friction coefficient assumption.  The first is 

that this value falls very close to the assumed normal value for conventional textile fibers 

used by Pan in [40].  Here, he uses 0.3.  Secondly, a concurrent study by our group using 

molecular mechanics has produced this preliminary value of 0.27.  Using the combined 
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model (Eq. (6)), the strength of the yarn can be calculated quite easily.  Figure 11 shows the 

strength of the yarn as a function of the twist angle.  The calculated value from Eq. (3)  is 

0.0011, which translates as a very efficient yarn.  The dashed line is provided for reference to 

how close this yarn system is to a continuous filament model. 

 

 

Table 6: Comparison of top-level parameters between the high-loss yarn and the realistic 

potential yarn simulations 

Parameter High-loss yarn (current) Realistic yarn potential Difference (x) 

V
f
 0.13 0.65 5 

σ σ
p
 = 0.907 GPa σ

SWNT
 = 48 GPa 53 

k 0.035 0.0011 4.5 

σyarn 0.095 GPa 31 GPa 326 

† Maximum  CNT yarn strength occurred at indicated surface twist angle, α  

 

 

In comparison with the simulation results shown in Table 6, the value of the short 

staple fiber loss, k, is ~4.5 times smaller; meaning less of a knockdown effect.  Additionally, 

the optimum surface twist angle occurs nearly at 0 , indicating that the NTs have almost 

perfect load transfer capabilities, due to the quality of the yarn’s structure.  Individualized 

nanotubes that are packed at a moderate density (Vf = 0.65) translates into large surface area 

contact between tubes and hence high friction force.  Finally, the maximum strength is just 

above 30 GPa.  This highlights likely the most important loss.  High quality SWNTs have a 

much greater strength than the MWNTs used in the study shown in.  Therefore, using Eq. (4), 
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one can see that the strength of the characteristic fiber, whether it is bundles or individual 

CNTs in this case, has a strong and direct effect on the final strength of the yarn.  A 

comparison of the four top-level parameters is shown in Table 6. 

What is not discussed here is that with this incredible strength and the multifunctional 

nature of CNTs, yarns are very appealing for the next generation of advanced materials.  

Groups such as Zhao et al. [62] and Hernandez et al. [63] have explored CNT yarns for strain 

sensing applications in structural health monitoring.  This is just one of the many 

multifunctional examples that researchers are currently investigating [30].  With a potential 

strength several orders of magnitude greater than any high performance composite fiber, 

CNT yarns have a very strong future.   

4.9. Conclusions 

When characterizing carbon nanotube (CNT) yarn morphology using conventional 

textile nomenclature, the individual CNTs at the nano-scale can be realized as a sub-basic 

unit.  Since CNT bundles are naturally the predominant morphology at the micro-scale, they 

can be considered as the basic unit; which has an aspect ratio resembling conventional textile 

fibers.  With this realization, the strength of the CNT yarn can be estimated simply by the use 

of a top-down, phenomenological approach using conventional textile yarn continuum-level 

mechanics; rather than utilizing insurmountable, bottom-up modeling approaches which start 

from the molecular-level.  The hierarchy of the CNT yarns can be organized in four length 

scales: CNT, bundle, pack, and yarn.  Distinct behaviors within each scale as well as 

interactions between multiple-length scales ultimately contributing to the strength of the 

CNT yarn are examined in detail.  The immense knowledgebase of the textile field is then 
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used to identify strength-limiting factors and to achieve perspective on their impact upon the 

strength of the CNT yarn. 

Two well-established conventional textile models proposed by Hearle [35] and Pan 

[39] are used to identify and quantify the strength limiting factors.  Four top-level parameters 

are suggested which clearly encompass the magnitude of the strength loss.  The enclosed area 

used to estimate the apparent CNT strength (σCNT), rather than the published strength values 

which use the bottom-up cross-sectional area consideration is certainly one of the most 

impactful losses.  This factor, along with the bundling and packing inefficiencies related to β1 

and β2 ultimately manifest in the CNT pack strength, σp.  The fact that the fibers (bundles) 

are not continuous filaments requires the need for inserting twist, α, as well as introduces the 

short staple fiber loss, k.  Finally, poor twisting techniques yield a yarn with weak migration, 

wrapped ribbon structure, and ultimately an extremely low volume fraction (Vf) which 

directly affects yarn strength.  A simulation using a hybrid of the two textile models is 

performed including all of the strength losses, and the result is congruent with current 

experimental strength data.  Potential solutions for minimizing these losses are then 

investigated and a second simulation is performed which assumes that some of the losses 

have been eliminated.  This shows the promise for future CNT yarns in advanced 

multifunctional applications.  
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Chapter 5: Conclusions and Suggestions for Future Directions 

Carbon nanotubes by themselves have been reported to have incredible 

multifunctional properties; such as high strength and stiffness, high conductivity, excellent 

thermal diffusivity, and high electromechanical sensitivity.  These aspects have enticed 

researchers to attempt to utilize CNTs in macroscopic applications for the next generation of 

advanced materials.  

The macroscopic CNT yarn does not inherit the appealing properties of the individual 

nanotube.  Through an in-depth analysis of the structural mechanics of CNT yarns using the 

knowledgebase of the age-old textile industry, a better understanding of the current 

limitations and challenges has been realized.  The mechanics of the yarn at the four scales: 

CNT (nano), bundle (micro), pack (meso), and yarn (macro) all contribute to the final 

properties of the spun yarn.  Therefore, the disparity between this and the individual CNT 

can be explored effectively by qualifying and quantifying the losses that occur.  

The work done by Hearle and Pan serve as excellent guidance in understanding the 

mechanics of the yarn.  The realization from immense literature survey that the CNT yarn 

performs very similar to conventional yarns allows for this bank of knowledge to be used 

accurately.  The hybrid model developed in this research accurately predicts the strength of 

yarns currently tested in the laboratory, which proves that the parameters involved can be 

used to guide future research toward improving the properties of CNT yarns.   

It is clear from the earlier discussion of losses and the simulation performed assuming 

that some of the challenges were overcome, what aspects of the CNT yarn research field can 

be improved upon.  The task at hand is to identify the most impactful aspects here as well as 
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identify which are more achievable in the near future.  Again, the hybrid equation can be 

used as a clear guide for this determination.   

The NTs present in the array are out of the scope of this research, but knowledge of 

what is desired gives perspective on what to strive for and what to expect.  Their quality, 

number of walls, diameter, and length clearly play a vital role in the strength of the yarn.  

This is evident in the short-staple loss, k.  Furthermore, these physical properties dictate the 

NTs sensitivity to strain which manifests strongly in the gage factor of the CNT yarn.   

Manufacturing quality and techniques are another large aspect affecting the quality of 

the yarn, and are perhaps the more near-future achievable obstacles.  A new understanding of 

the structural morphology of the yarn and how it develops has shown that poor processing 

can lead to weak migration, wrapped ribbon, and ultimately a low volume fraction, Vf .  

Looking again at the hybrid equation, this variable has a strong impact on the yarn strength.   

It is important to note that these suggestions are merely that: suggestions.  The goal of 

this research has been to identify the problems, or the sources of loss.  Hopefully this will 

provide perspective and a call to action to future researchers and thus guide the field forward 

in progress toward encapsulating the highly appealing individual CNT properties in new 

macroscopic materials.   

Next, the top level goal of this research is to develop strain sensors that can be 

embedded inside a composite and act as both composite reinforcement and an in-situ strain 

sensor for structural health monitoring.  Therefore, the new knowledge of the structural 

mechanics of CNT yarns as well as the complimentary electromechanical properties should 

be used to further develop the CNT yarn as an effective strain sensor.   
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It has been shown that the extremely low density and high nanotube and nanotube 

bundle waviness contribute to the almost total loss of the individual NTs’ sensitivity to strain.  

Therefore, research on making changes in the manufacturing process of the yarns is an 

obvious direction that should be explored by future researchers.  Finding ways to eliminate 

these negative effects is a priority if this material is to be used in structural health monitoring.   

Finally, the practical study into effectively and successfully embedding the yarns, 

regardless of their strength and gage factor, into a composite material needs further attention.  

This milestone is not an easy one, because as suggested earlier, the forces required to break 

the yarn specimen fall significantly below the forces involved in standard embedding 

processes such as that used for fiber optic strain sensors.   

If the gage factor is increased and a successful embedding process is developed, an 

entire new research field can be borne.  Here, the potential for this multifunctional material 

can be vetted out, as there are many types of health monitoring applications, each of which 

demand different measurement schemes.  Nonetheless, CNT yarns are a promising material 

that will find a place in the next generation of advanced materials.   
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