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A coloro che, in timido silenzio, ascoltano il mondo intorno,
possano trovare il coraggio di far sentire la propria voce,
perché in loro spesso risiedono idee di alto valore.

To those who, in timid silence, listen to the world around them,
may they find the courage to let their voice be heard,
for within them often lie ideas of great value.



Preface

The doctoral program has been for me much more than an academic journey:
it was a unique opportunity for personal and professional growth, allowing me to
explore new areas of knowledge and to face complex challenges, developing autonomy,
curiosity, and determination. This experience has taught me to observe carefully,
to reflect deeply, and to cultivate the patience necessary to turn ideas into tangible
results, understanding the value of scientific rigor combined with creativity.

Those that help reduce our impact on the environment are meaningful innovations.
Carbon NanoTube Fibers (CNTFs) represent a promising alternative to traditional
materials such as steel, enabling high performance with minimal environmental im-
pact. The possibility of developing lightweight, strong, potentially zero-emission, and
recyclable materials motivated me to pursue this topic, combining scientific curiosity
with a sense of responsibility toward the planet.

Looking beyond the scientific results, I believe that every research endeavor should
represent a small contribution toward a more conscious future, hopefully founded on
knowledge, respect, and kindness, in which humans rediscover the true meaning of life
in family and nature communion. A tomorrow free from selfishness, yet oriented toward
mutual commitment and the common good; where science and technology are not tools
of domination, but bridges of harmony between humanity and the world around it.
A world in which abundance does not equate to waste, but to care: in reusing what
is old, repairing what is broken, and recognizing value even in the simplest forms of
existence.



Abstract

This doctoral dissertation investigates the multiscale mechanical behavior of Carbon
NanoTube Fibers (CNTFs), adopting a bottom-up, micro-to-macro approach that in-
tegrates theoretical modeling, experimental validation, and manufacturing innovation.
The research develops a coherent framework spanning from the fundamental proper-
ties of individual Carbon NanoTubes (CNTs) to their aggregation as fibers to form
structural elements such as yarns and ropes and their integration into advanced hybrid
composite laminates.

This work begins with an overview of the history, properties and applications of
CNTs, highlighting the challenges of translating their extraordinary nanoscale perfor-
mance into macroscopic assemblies. A micromechanical model is then introduced to
evaluate the effective tensile stiffness of CNTFs, accounting for CN'Ts modulus, mis-
alignment, van der Waals interactions, and cross-linking effects. Building upon this
foundation, the dissertation advances into the geometry and mechanics of twisted
yarns, where analytical formulations based on differential geometry are validated
through experiments on twisted rubber filaments, used as a macroscopic analogue
for CNT-based structures.

The subsequent work focuses on the modeling and manufacturing of CNTF yarns,
where analytical predictions and experimental campaigns are combined to optimize
yarn geometry and performance. A dedicated yarn-making mechanism was designed,
enabling the production of CNTF yarns with tailored properties. The effect of torsional
loading on both single CNTFs and multi-fiber yarns is further examined, providing
new insights into the role of twist in modulating stiffness, failure strain, and overall
structural behavior.

Finally, the study addresses the integration of CNTFs into carbon fiber composite
laminates, targeting improved damage tolerance and energy absorption in intrusion
scenarios. Hybrid laminates with CNTF interlayers were experimentally tested, and
a data-driven approach was employed to obtain the optimal configuration for the
specimen as a function of geometry and material parameters.

Overall, this research establishes a systematic understanding of CNTFs and twisted
yarn-like structures across scales, from the mechanics of single assemblies to their ap-
plication in structural composites. By bridging modeling, experimental investigation,
and composite design, the dissertation contributes both fundamental insights and prac-
tical strategies for exploiting CNTFs in next-generation lightweight, high-performance
materials for aerospace, automotive, and defense applications.






Contents

1 Introduction 5
1.1 Background . . . . . . .. .. 5
1.2 Objectives . . . . . . . 6
1.3 Outline. . . . . . . . e 7

2 From CNTs to CNT-based materials 11
2.1 Carbon NanoTubes . . . . . . . .. .. ... .. ... 11

2.1.1 Discovery and early history of CNTs . . . . .. ... ... ... 12
2.1.2  CNTs geometry: chirality and SW-, DW-, MW- configurations . 14
2.1.3 CNTs physical and mechanical characteristics . . . . . . .. .. 18
2.1.4 CNTs applications . . . . . .. ... ... ... 19
2.2 CNT-based materials . . . . . . . . .. .. ... ... ... ... ... 22
2.3 CNT-based composites . . . . . . . .. ... 24
2.4 CNT Clusters . . . . . . . . . e 26
2.5 CNT Fibers . . . . . . . . . 27
2.5.1 CNTFs production process . . . . . . . . . . .. . ... ... .. 29
2.5.2  CNTFs mechanical and physical properties . . . . . . . . .. .. 35
2.5.3 CNTF Bundles, Yarns, Cables and Ropes. . . . . . .. ... .. 36
2.5.4 Applications of CNT Fibers . . . . . . ... ... ... ..... 37

3 A model for the effective tensile stiffness of CNTF 45

3.1 Traction response of a CNTF . . . . . .. ... ... ... ... .... 46
3.1.1 The model problem . . . . . . . ... ... o 46
3.1.2  Kinematics and loading state . . . . . .. ... ... ... 47
3.1.3 Evaluation of axial force and displacement . . . . . . .. .. .. 48

3.2 Analytical evaluation of the shear forces in CNTF and numerical im-
plementation . . . . . .. .. 50
3.2.1 Analytical comparison with the case of rigid CNTs . . . . . .. 52
3.2.2 Implementation of the finite difference model . . . . . . . . . .. 53
3.2.3 Influence of model parameters . . . . . ... ... ... . .... 54

3.3 Effective tensile stiffness . . . . . . ... Lo 61
3.3.1 Simplecase . . . .. .. 61
332 Generalcase . . . . . .. ... 63
3.3.3 Results and comparisons . . . . . . ... ... ... ... ..., 65



CONTENTS

3.4 DISCUuSSION . . . . ..o 69

Geometry and mechanics of twisted yarns: an experimental rubber

model for the study of CNTFs 71
4.1 Background on twisted rods . . . . ... ..o 71
4.2 Theoretical preliminaries . . . . . . . .. . ... 74
4.2.1 Kinematics of stretched, bent and twisted rods . . . . . . . . .. 74
4.2.2 Equilibrium equations . . . . ... ... 000 7
4.2.3 Eigenstress states in a two-ply yarn . . . . . ... ... oL 79
4.2.4  Tensile response of a two-ply yarn . . . . . . . . ... ... .. 84
4.3 Experimental set-up . . . . . . ... 85
4.3.1 Two-ply yarn fabrication . . . . . . ... ... ... ... .... 85
4.3.2 Testing apparatus . . . . . . . . ... oo 88
4.4 Experimental results and their interpretation . . . . . . . .. ... ... 89
4.4.1 'Tensile properties of the twisted rod . . . . . .. ... ... .. 90
4.4.2 'Tensile response of two-ply yarns . . . . . . . ... ... .. 92
4.4.3 The role of bending and torsional stiffness . . . . .. .. .. .. 94
4.4.4 Competition between twist and tortuosity in two-ply yarns . . . 96
4.5 Discussion . . . . . ... 97
Manufacturing optimization of CNTF Yarns 101
5.1 Background on yarns and ropes . . . . . ... .. ... 101
5.2  Yarn structure and mechanics . . . . . .. ... L 103
5.2.1 Helix geometry . . . . . . . ... 105
5.2.2 Twist kinematics . . . . . . . . . ... L 107
5.3 Experimental investigation on CNTF bundles . . . . ... .. ... .. 110
5.3.1 Optimal twist rate in a CNTF bundle . . . . . . . ... ... .. 110
5.3.2 Relationship between twist and tortuosity . . . . .. .. .. .. 118
5.4 Yarnmaker kinematic . . . . .. ..o 122
5.4.1 Mathematical model for CNTF yarn-making . . . . . . ... .. 123
5.5 Other investigations, future works and final discussion . . . . . . . . .. 127
5.5.1 Yarn architecture and cross-sectional optimization . . . . . . . . 127
5.5.2 Post-twist hardening of CNTF bundles . . . . . . ... ... .. 129
5.5.3 Viscoelastic properties of CNTF bundles . . . . . ... ... .. 130
5.5.4 Discussion . . . . . ..o 132
Effect of torsion on the mechanical properties of CNTFs and multi-
fiber structures 135
6.1 Experimental evidence . . . . . . . .. ..o o oL 138
6.1.1 Materials . . . . . . ... . 138
6.1.2 Tensile response of twisted CNT Fibers . . . . . . . ... .. .. 139
6.1.3 Microscopy . . . . ... 140
6.1.4 Origin of the fibrillar morphology . . . . . . ... ... ... .. 142
6.2 Themodel . . . . . . . . . .. 143



CONTENTS

6.2.1 Theory . . . . . . . 143
6.2.2 The physical analogue . . . . . ... ... 000 146
6.3 Interpretation of experiments on CNT Fibers. . . . . . . ... ... .. 149
6.4 Discussion . . . . . . ... e e e e 153

7 Integration of CNTFs into Carbon Fiber composites for enhanced
anti-intrusion performance 155
7.1 CNTFs vs. commercial fibers for structural reinforcement . . . . . . . . 155
7.1.1 Material properties and performance potential . . . . . . . . .. 156
7.2 Parametric optimization of Carbon Fiber laminates . . . . . . . . . .. 158
7.2.1 Testing protocol and evaluation methodology . . . . . . . . .. 159
7.2.2  Characteristics of composite materials . . . . . .. .. ... .. 162
7.2.3 Mechanical characterization . . . . . ... ... ... ...... 164
7.3 Experimental methodology and results of CF-CNTF hybrid composites 167
7.3.1 Specimen design and manufacturing . . . . . .. ... ... ... 168
7.3.2 Mechanical performance enhancement . . . . . . . ... ... .. 170
7.4 Discussion and perspectives . . . . .. ..o 172
8 Conclusions 175
A Computational algorithm for helical wire configuration 179
List of Publications 183
References 185
Acknowledgments 207






Chapter 1

Introduction

1.1 Background

Since their discovery in the early 1990s, Carbon NanoTubes (CNTs) have drawn consid-
erable attention due to their unique combination of properties, including outstanding
mechanical strength, high electrical and thermal conductivities, and low density [1, 2].
These cylindrical nanostructures, composed of rolled-up sheets of graphene, represent
one of the most promising building blocks in the field of nanotechnology and advanced
materials science and have inspired significant scientific activity worldwide, crossing
several disciplines [3].

However, translating the remarkable properties of individual nanotubes to the
macroscale has been a persistent challenge. A major breakthrough in this pursuit is
the development of Carbon NanoTube Fibers (CNTFs), macroscopic fibers composed
of aligned CNTs. This innovation has opened new possibilities for the development
of next-generation materials [4, 5|. By assembling CNTs into continuous threads,
researchers have created lightweight, strong, conductive, and potentially sustainable
fibers that can be integrated into structural and functional systems across sectors such
as aerospace, electronics, textiles, and energy.

Beyond their exceptional intrinsic properties, CN'TFs are also being explored within
the context of sustainable material production. For instance, methane pyrolysis meth-
ods can generate CNTs alongside hydrogen, offering a pathway to low-emission or
zero-carbon footprint manufacturing. Initiatives like the Carbon Hub [6] are actively
promoting such technologies, aiming to transform natural gas into value-added carbon
materials and clean energy without CO5 emissions.

Despite significant progress, the full potential of CNTFs is still limited by a num-
ber of scientific and engineering challenges. These include scaling properties from the
nanoscale to the macroscale, improving mechanical efficiency, and integrating fibers
into complex material architectures. The hierarchical nature of CNTF assemblies,
spanning from individual nanotubes to twisted yarns as shown in Figure 1.1, necessi-
tates a comprehensive, multiscale approach that combines modeling, experimentation,
and manufacturing optimization [7, 8].
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Figure 1.1. Schematic overview of the multiscale investigation approach,
from nanotubes to yarns.

This doctoral research fits within this broader effort, aiming to advance the un-
derstanding and application of CNTF-based materials, presenting a systematic micro-
to-macro investigation of CNTF materials. It integrates numerical modeling, experi-
mental mechanics, and composite design, with the ultimate goal of developing reliable
predictive tools and design strategies for high-performance CNTF-based components.

Co-funded by the Italian National Recovery and Resilience Plan (PNRR), and car-
ried out in collaboration with both academic and industrial partners, the work involved
a cross-disciplinary effort that included experimental testing, process development, and
modeling across multiple scales.

In particular, the collaboration with DexMat!, Inc., a U.S.-based company spe-
cializing in CNTF production, enabled experimental campaigns on CNTF yarns and
provided valuable insights into fiber manufacturing processes. Moreover, a technology
transfer collaboration with Dallara® SpA facilitated the exploration of CNTF integra-
tion into advanced composite structures, with particular emphasis on enhancing crash
resistance and anti-intrusion performance for motorsport applications.

1.2 Objectives

This doctoral dissertation investigates the multiscale mechanical behavior of CNTFs,
adopting a bottom-up, micro-to-macro approach. Building on a multiscale and mul-
tidisciplinary framework, the research seeks to bridge the gap between the nanoscale
properties of individual CNTs and the macroscale performance of CNT-based yarns
and composite structures. The ultimate goal of this work is to provide a scalable and

!DexMat, Inc. — Leading producer of conductive CNTFs, Houston, TX. https://dexmat.com/

2Dallara SpA — an Italian company specializing in the design and manufacturing of high-
performance racing vehicles, Varano de’ Melegari (PR). https://www.dallara.it/
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experimentally validated methodology for the design and mechanical modeling of hi-
erarchical CN'T-based fibrous systems, establishing both fundamental understanding
and practical guidelines for their structural integration. The main objectives of this
thesis are outlined below.

« To develop an analytical model for the prediction of the effective tensile stiffness
of CNTFs, accounting for nanoscale interactions and arrangement of CNTs.

o To explore and formalize the mechanics of twisted rod systems, establishing a
theoretical model for the analysis of multi-ply yarns made of CNTFs.

» To experimentally validate the proposed analytical and numerical models through
a surrogate system of twisted rubber yarns, enabling a controlled study of the
role of prestress and twisting.

« Toinvestigate the torsional dependence upon the mechanical properties of CNTFs
and multi-fiber bundles, both experimentally and theoretically.

o To design and manufacture CNT-based yarns by bundling and twisting CNTFs,
and to control their mechanical properties (e.g., tensile strength, toughness, creep
resistance) based on the twist angle, number of plies, and geometrical parameters.

» To automatize the yarn-making process by using desired yarn parameters (e.g.,
bundle and yarn diameter, number of bundles and filaments, twist rate) as in-
put, and providing the optimal machine speed parameters as output, thereby
consistently producing yarns with peak mechanical properties.

e To implement CNTFs in hybrid composite laminates, evaluating their perfor-
mance as interleaving layers in carbon fiber reinforced structures, particularly in
anti-intrusion applications.

1.3 Outline

The work is organized in seven main chapters, in addition to this introduction. The
chapters unfold from the fundamentals of CNTs to the study of individual CNT-based
assemblies and gradually proceeds toward the design and optimization of complex
twisted yarns and their integration in advanced high-performance composite lami-
nates, combining theoretical modeling, experimental validation, and manufacturing
innovation. The contents are structured as follows:

Chapter 2 — From Carbon NanoTubes to CNT-based materials

This chapter provides a comprehensive overview of CN'T5s, tracing their historical de-
velopment and highlighting the key factors underlying their central role in modern
materials science. Since their formal identification by Iijima in 1991, CNTs have at-
tracted extensive research interest owing to their exceptional mechanical strength, high

7
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aspect ratio, electrical conductivity, and thermal performance. The chapter reviews
their classification, synthesis methods, and typical structural defects, and presents an
overview of the various macroscopic products that can be derived from CNTs, together
with their classification and main characteristics. Particular attention is devoted to
the challenges associated with scaling CN'Ts into macroscopic assemblies and to the
techniques developed to align, bundle, and spin them into continuous fibers. The tran-
sition from individual nanotubes to CNT-based fibers is thus introduced, establishing
the motivation and framework for the present doctoral research.

Chapter 3 — A model for the effective tensile stiffness of CNTF

This chapter presents a micromechanical model to evaluate the tensile stiffness of
CNTFs composed of monodispersed Carbon NanoTubes arranged in a periodic square
lattice. The CNTs are assumed to be axially misaligned and interact through lateral
van der Waals forces and cross-links, modeled as distributed linear springs. CNTs are
treated as elastic bars with defined axial stiffness, and under the hypothesis of period-
icity, the governing equations reduce to a delayed-advanced differential formulation. A
finite difference approach is employed to solve the equations and compute the effective
axial stiffness of the fiber. The model predicts the influence of key parameters such
as CNT length, offset, and stiffness on the fiber-level response, and its predictions are
compared against existing literature to validate its accuracy.

Chapter 4 — Geometry and mechanics of twisted yarns: an experimental
rubber model for the study of CNTFs

This chapter contributes to the theoretical foundations for the mechanical modeling of
twisted fibers and yarns. It introduces the necessary differential geometric framework
(Frenet-Serret and Darboux frames) to describe the curvature and torsion of helicoidal
paths. The mechanics of twisted rods is discussed in the context of cable structures,
with attention to internal contact and friction effects. A simplified model is derived for
the axial stiffness of yarns composed of two helically wrapped filaments. To validate the
analytical models, an experimental study is conducted using two-ply yarns composed
of elastic rubber filaments. The objective is to understand the role of prestress and
intrinsic eigenstresses in the final mechanical performance. Tensile tests are used
to calibrate and verify the predictive capacity of the theoretical models, providing
valuable insights into how twisting angle, number of plies, and yarn geometry influence
the axial stiffness and failure behavior.

Chapter 5 — Manufacturing optimization of CNTF Yarns

This chapter uses the previous theoretical and experimental findings for the manu-
facturing optimization of CNTF-based yarns. Analytical and empirical models are
proposed to describe the mechanical behavior of bundles and yarns composed of mul-
tiple CNTFs, including their sensitivity to twisting angle, ply number, and helical

8



1.3 — Outline

geometry. A manufacturing mechanism model was developed and implemented to
make yarns from CNTFs, enabling experimental campaigns for tensile and creep test-
ing. The optimization of the final yarn geometry was guided by both the analytical
models and the collected experimental data, targeting high strength and compliance
with structural applications. All the steps of this work have been finally collected into
a software that takes into account the different parameters and calculates the best set
up for the yarn-maker machine, in order to obtain a strong balanced yarn.

Chapter 6 — Effect of torsion on the mechanical properties of CNTFs and
multi-fiber structures

This chapter focuses on the impact of torsional loading on the mechanical response of
individual CNTFs and their assemblies. It includes both analytical modeling and ex-
perimental assessment of how the imposed twist affects tensile stiffness, failure strain,
and structural stability. The study covers CNTFs composed of sub CNTF clusters
(fibrils), highlighting the interplay between internal torsion, interfacial interactions,
and global performance. This chapter examines the effect of pre-twist on the me-
chanical behavior of individual CNTFs, an aspect less explored compared to wound
CNT yarns. Controlled pre-twisting experiments reveal a clear mechanical trade-off:
a marked increase in ductility accompanied by reduced stiffness and strength. SEM
observations show that pre-twist reorganizes the internal fibrillar structure into a he-
lical arrangement. A mechanical model based on axial strain mismatch and enhanced
inter-fibril confinement is proposed and validated using a macroscopic nylon analogue.
The study provides a mechanistic understanding of twist-induced behavior and offers
design guidelines for tailoring CNTF properties through controlled pre-twist.

Chapter 7 — Integration of CNTFs into carbon fiber composites for en-
hanced anti-intrusion performance

This chapter explores the hybridization of Carbon Fiber laminates through the intro-
duction of CNTF-based interlayers, aiming to improve the performance of advanced
composites under puncture and intrusion loading. Experimental tests were performed
to quantify the benefits of CNTF interleaves on laminate punching strength and dam-
age tolerance. A data-driven approach was adopted to optimize the configuration of
the multilayer structure as a function of various geometric and material parameters.

Chapter 8 - Conclusions

The main outcomes of the dissertation are reported, providing a concise overview of the
work carried out, highlighting the key aspects of each stage and their interconnections,
while also outlining possible directions for future developments.
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Chapter 2

From Carbon NanoTubes to
CNT-based materials

Carbon NanoTubes (CNTs) are cylindrical nanoscopic structures formed by one or
more rolled-up graphene layers, with a diameter of the order of 1 nm and typical
length of 1-5 pm [7]. They are recognized as complete molecules consisting entirely of
carbon atoms that form ordered cylindrical structures closed at the ends (Figure 2.1).
Due to their distinctive physical, thermal and electrical properties [9-11], such as high
strength, low density, high conductivity and biological compatibility, they represent a
promising material for applications in nanoengineering [12, 13], electronics [14, 15], as
well as in the biomedical field [16, 17]. Despite their small size and discrete molecular
structure, CNTs were found to behave similarly to continuum structures with tensile
and bending capacities, with a notably high Young’s modulus up to 1 TPa [18, 19],
and tensile strength up to 50 GPa [11].

A primary challenge in materials science has been the translation of these re-
markable nanoscale properties to macroscopic structural elements. Initial approaches
focused on incorporating CNTs as reinforcement within host polymeric matrices to
form nanocomposite polymers [20-22]. The efficacy of this method, however, depends
heavily on achieving high concentration, dispersion, and alignment of the CNTs within
the matrix [23, 24].

A more direct pathway involves assembling the discrete nanotubes into continu-
ous, matrix-free hierarchical structures, such as clusters or macroscopic fibers. In these
assemblies, the mechanical behavior is governed by the interactions between weakly in-
teracting tubes, primarily through van der Waals forces [25] and potential cross-linking
[26, 27], which allow for compliant mobility associated with their relative longitudinal
sliding.

2.1 Carbon NanoTubes

The discovery of CN'Ts represents a complex journey of scientific progress, character-
ized by multiple observations, theoretical predictions, and definitive characterizations
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Figure 2.1. Carbon nanotube [28].

across several decades and continents. While Japanese physicist Sumio lijima, por-
trayed in Figure 2.2 with a model of the atomic structure of a CN'T, is widely recognized
for his systematic discovery and characterization in 1991, the historical record reveals
significant groundwork laid by earlier researchers.

Figure 2.2. Sumio lijima, whose 1991 Nature paper first conclusively char-
acterized Multi-Walled carbon nanotubes using high-resolution transmission
electron microscopy [28].

2.1.1 Discovery and early history of CNTs

The earliest documented evidence of nanotube-like structures dates back to 1952,
when Soviet scientists Radushkevich and Lukyanovich published transmission electron
micrographs (TEM) showing hollow carbon fibers with 50 nm diameters in the Zhurnal
Fizicheskoi Khimii [29]. Due to Cold War-era limited circulation and language barriers,
this pioneering work remained largely unknown to Western researchers for decades.
An electron micrograph image from their 1952 paper (Fig. 2.3) clearly shows tubular
carbon structures, now recognized as Multi-Walled Carbon NanoTubes (MWCNTs).

Further pre-lijima observations include:

1960: Bollmann and Spreadborough observed “scroll-like” carbon structures, pub-
lishing high-resolution transmission electron microscopy (HRTEM) images showing
Single-Walled NanoTube (SWCNT) like features while studying graphite layers [30].

1976: Morinobu Endo and colleagues observed “graphitic whiskers” during benzene
pyrolysis experiments [31]. Independently, Oberlin, Endo, and Koyama also reported

12
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Figure 2.3. Electron micrograph from Radushkevich and Lukyanovich’s 1952 paper,
showing what now is recognized as Multi-Walled Carbon NanoTubes [29].

hollow carbon fibers with nanometer-scale diameters produced via vapor-phase growth
[32]. These structures are now recognized as MWCNTs but were not systematically
characterized at the time.

1979: Abrahamson documented tubular carbon formations during arc-discharge
experiments [33].

A crucial theoretical foundation for understanding new carbon allotropes emerged
in 1985 with Richard Smalley’s discovery of Cgy buckminsterfullerene [34], for which he
shared the 1996 Nobel Prize in Chemistry with Robert Curl and Harold Kroto. This
breakthrough demonstrated carbon’s ability to form closed-cage structures. Adding
to the theoretical insights, Soviet scientists Bochvar and Gal’pern had theoretically
predicted, in 1981, the existence of SWCNTs through quantum chemical calculations
[35], in which they described what are now recognized as (n,n) armchair nanotubes.

The modern era of CN'T research began in 1991 with Sumio lijima’s pivotal exper-
iment at NEC Corporation. Using HRTEM, lijima conclusively characterized MWC-
NTs formed by vaporizing graphite electrodes [28]. These nested cylindrical graphene
sheets, with diameters of 4-30 nm and lengths up to 1 um, exhibited notable regularity
and high mechanical properties, including an estimated tensile strength of 150 GPa
and elastic modulus approaching 1 TPa. Iijima noted their potential for “opening a
new door to nanosize science of carbon materials”.

lijima’s 1991 discovery quickly sparked global interest, leading to rapid advance-
ments:

In 1992, Ebbesen and Ajayan demonstrated gram-scale production of MWCNTS,
making systematic studies possible [36]. Also in 1992, Mintmire, Dunlap, and White
theoretically predicted CNTs’ distinctive electronic properties, showing they could
behave as either metals or semiconductors depending on their chirality [37].

13
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In 1993, Lijima and Toshinari Ichihashi [38], and independently Donald Bethune’s
group at IBM [39], reported the successful synthesis of SWCNTs using metal catalyst
particles.

The full recognition of CN'Ts’ potential came through subsequent work by multiple
research groups, including the Rice University team led by Smalley, who developed
the high-pressure carbon monoxide (HiPCO) process for SWCNT production in 1996
[40]. These parallel discoveries underscore the collaborative nature of nanoscience
advancement.

Table 2.1 summarizes these key milestones in the discovery and early characteri-
zation of CNTs:

Year Contribution Researchers

1952 First TEM images of hollow carbon fibers Radushkevich and Lukyanovich
1976  Observation of graphitic whiskers Endo et al.

1981  Theoretical prediction of SWCNTs Bochvar and Gal’pern

1985  Discovery of Cgg fullerene Smalley, Kroto, Curl

1991  Definitive characterization of MWCNTs [ijima

1993  Synthesis of SWCN'Ts lijima and Ichihashi

Table 2.1. Key milestones in CNT discovery

This complex history illustrates how scientific discovery often involves multiple
contributors across time and geography. While Iijima’s work provided the definitive
foundation for modern CNT science, earlier researchers laid important groundwork,
and subsequent theorists and experimentalists collectively revealed the vast potential
of CNTs across various applications.

2.1.2 CNTs geometry: chirality and SW-, DW-, MW- config-
urations

The body of a CNT is formed by carbon atoms arranged in hexagonal lattices, while
its closure caps contain both hexagonal and pentagonal rings, as seen in Figure 2.4;
this structure is why CNTs can be considered a type of large fullerene. Due to this
conformation, nanotubes often have structural defects or imperfections that deform
the cylinder.

The diameter of an unsupported SWCNT ranges from 0.4 nm to 6 nm [41]. The
extremely high length-to-diameter ratio (on the order of 10*) allows them to be con-
sidered virtually one-dimensional nanostructures and imparts distinctive properties to
these molecules [42].

The properties of CN'Ts depend strongly on their geometry, particularly their di-
ameter, length, and chirality. The chirality, i.e., the angle at which the carbon sheet
is oriented relative to the tube axis, strongly influences their electronic properties.
Specifically, CNTs can be classified by geometry into three types of structures, i.e.,
zig-zag, armchair, or chiral (Figure 2.5) and by the number of graphene sheets rolled

14
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Figure 2.4. (a) fullerene and (b) CNT structures [9].

concentrically into Single-Walled (SWCNT), Double-Walled (DWCNT), Few-Walled
(FWCNT) or Multi-Walled (MWCNT) configurations (Figure 2.6).

[5,5] CNT [7,5] CNT
Armchair Chiral

Figure 2.5. Chirality: armchair, chiral and zig-zag nanotube geometries [9].

A SWCNT can be seen as a sheet of graphene that has been rolled into a tube, as
represented in Figure 2.7. A MWCNT instead consists of concentric graphitic cylinders
with closed caps on both ends, where the graphitic layer spacing is about 0.34 nm [43].

Unlike diamond, which assumes a 3-D crystalline structure with each carbon atom
having its four nearest atoms arranged in a tetrahedron, as shown in Figures 2.8(a)
and 2.8(c), graphite takes the form of a 2-D sheet of carbon atoms arranged in a
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0.5-2.5nm 7-100 nm
Figure 2.6. Representation of a SWCNT and a MWCNT [43].
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Figure 2.7. Wrapping a single graphene layer into an SWCNT [44].

hexagonal matrix, as shown in Figures 2.8(b) and 2.8(e). In this case, as well as for
the CNT shown in Figure 2.8(f), each carbon atom has three neighboring atoms.

CNTs can form following three different patterns based on the preferred winding
direction, as illustrated in Figure 2.9. Although every CNT has the same constituents
(carbon atoms arranged in a hexagonal lattice), various properties, such as conductiv-
ity level, vary with chirality. The growth of SWCNTs with a specific desired chirality
has so far been achieved only in laboratory, but not at an industrial level [43, 45].

From the perspective of molecular mechanics, a CN'T can be considered as a large
molecule consisting of carbon atoms, where the atomic nuclei can be considered as
material points. Their movements are governed by a force field, which is generated by
electron-nucleus interactions and nucleus-nucleus interactions [44]. Usually, the force
field is expressed in the form of steric potential energy and depends exclusively on the
relative positions of the nuclei that constitute the molecule.

When carbon is bonded to four other atoms, the hybridization is sp3, and the
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Figure 2.8. (a) Hybridization sp3; (b) Hybridization sp2; (c¢) Diamond structure; (d)
Fullerene C60 structure; (e) Graphite structure; (f) End of a CNT [43].
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Figure 2.9. Wrapping of a hexagonal graphene sheet and resulting chiralities [9, 42].

atomic arrangement is tetrahedral, as shown in Figure 2.8(a). A carbon atom bonded
to three other atoms is instead sp? hybridized, forming a planar trigonal configuration
with 120° bond angles, as illustrated in Figure 2.8(b). This configuration also gives
rise to m bonds, which originate from the overlap of two unhybridized p orbitals.

In CNTs, the atomic configuration is primarily sp?, with strong o bonds forming
along the tube surface and © bonds oriented perpendicularly to it. However, due to
the inherent curvature of the nanotube wall, the trigonal arrangement of the carbon
atoms is no longer perfectly planar, as schematically represented in Figure 2.10(a).
This curvature causes an asymmetry between the inner and outer 7 bonds, resulting
in a slightly stronger 7 interaction on the external surface (Figure 2.10(b)). Such an
effect can promote lateral bonding or interaction between adjacent CN'Ts. It must be
noted, however, that this is a simplified representation, intended only to illustrate the
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bonding principle, without accounting for more complex phenomena such as dispersion
forces or ionic effects.
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Figure 2.10. Representation of the CNTF bonding: (a) graphene structure sp2 hy-
bridized; (b) bonding mutation in bending graphene sheet; (c) representation of bonds
of the CNT; (d) forming CNT Clusters [46].

Within the CNT structure, carbon atoms are covalently bonded to one another,
forming a network of hexagons on the tube wall, as shown in Figure 2.10(c). These
covalent bonds exhibit specific bond lengths and angles in three-dimensional space.
When a nanotube is subjected to external loads, the motion of each atom is constrained
by its neighboring bonds, and the overall deformation of the nanotube results from the
collective response of these atomic interactions [47]. Considering each covalent bond
as a connecting element between carbon atoms, the nanotube can be modeled as a
space truss-like structure, where carbon atoms act as the nodes of the truss [44].

2.1.3 CNTs physical and mechanical characteristics

Based on simulations and experimental results, CNTs have been recognized as among
the strongest materials known [48]. Graphite has an in-plane Young’s modulus of
1.06 TPa [18], and due to their sp? carbon-carbon bonding, CNTs are expected to
show similar stiffness. Consequently, numerous studies have focused on the feasibility
of using CNTs as reinforcement, to obtain strong and lightweight materials. Despite
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experimental difficulties, there have been many reports on the mechanical properties
of CNTs. Earlier experimental measurements were performed using a mechanical
loading stage integrated within a scanning electron microscope, enabling the first in
situ tensile tests on individual SWCNTs and MWCNTs [49]. Reported values for
SWCNTs indicated tensile strengths between 13 and 52 GPa and Young’s moduli
ranging from 320 to 1470 GPa. For MWCNTs, the outer shell strength varied from
11 to 63 GPa, with corresponding moduli between 270 and 950 GPa, and an average
bending strength of approximately 14 GPa. More recent measurements on SWCNTs
report Young’s modulus values between 1.24 and 2.17 TPa [50], and tensile strengths
in the range of 25-66 GPa [51].

Additional theoretical studies have also addressed the mechanical properties of
CNTs, with some showing agreement with experimental observations. It has emerged
that SWCNTs show sliding between tubes within clusters, and due to their weak
interlayer bonding, MWCN'Ts are inefficient at transferring load to their inner shells
[52].

The electrical behavior of CNTs arises from their one-dimensional (1D) electronic
structure derived from graphene [14]. SWCNTs can be metallic or semiconducting
depending on their chiral vector (n,m), with approximately one-third metallic and
two-thirds semiconducting [15]. MWCNTs, owing to inter-shell coupling, behave as
highly conductive quasi-1D systems, capable of sustaining current densities above
102 A/em? [53, 54].

Thermal transport in CNTs is phonon-dominated, with predicted axial conductiv-
ities up to 6000 W/(m - K) for SWCNTs and measured values above 3000 W/(m - K)
for MWCNTs [55, 56]. They also exhibit high thermal stability up to about 2800°C
in vacuum [57].

2.1.4 CNTs applications

Nanotubes can be synthesized using various techniques, through both carbon vapor-
ization and laser use. What all processes have in common is the result: a large fraction
of the produced nanotubes have imperfections that make them practically unusable.
This creates the need to purify the product. There are numerous purification systems,
but they all share the problem of being unable to separate target nanotubes without
damaging them. Indeed, extensive purification can lead to significant loss of produced
nanotubes and can seriously damage their initial morphology (some techniques have
rejection levels exceeding 90%) [58]. All this results in extremely high production costs
that limit research to major study and development centers.

CNTs have been the subject of extensive research aimed at understanding and
exploiting their notable physical, chemical, and mechanical properties. Depending
on their chirality and diameter, CN'Ts can exhibit either metallic or semiconducting
behavior, thus enabling innovative approaches in nanoelectronics, where smaller and
faster devices can be fabricated [59]. For instance, semiconducting SWCNTs have
been used to produce high-performance field-effect transistors (FETs) with high on/off
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ratios and carrier mobility, while metallic SWCNTs have been employed in conductive
nanocomposites and transparent conductive coatings [60].

The versatility of CNTs has led to a broad spectrum of potential applications across
different technological fields. In optoelectronics, they are used in light-emitting diodes
(LEDs), solar cells, and transparent electrodes [61]. Their electromechanical response
has also been exploited to develop CNT-based actuators, using paper-like or bimorph
configurations [62]. At the Massachusetts Institute of Technology, batteries based on
CNTs are under development [63], while researchers at Case Western Reserve Univer-
sity are exploring self-assembling nanotube structures. Similarly, the Department of
Chemistry and Environmental Sciences at the New Jersey Institute of Technology re-
ported promising results suggesting the feasibility of low-cost CN'T-based photovoltaic
cells.

CNTs are also finding applications in advanced materials and structural engineer-
ing. The English company Surrey NanoSystems developed Vantablack (Figure 2.11),
a CNT-based coating recognized as one of the darkest materials produced, capable
of absorbing 99.965% of visible light [64]. At a nanoscopic scale, IBM researchers
demonstrated a 9-nanometer CNT transistor, proving that CNT-based devices can
outperform silicon transistors even below the 10-nanometer threshold [15]. Further-
more, within the European NaPhoD project, several universities have collaborated to
encapsulate photoactive organic molecules inside CN'Ts, opening new opportunities in
photonic and hybrid nanomaterials research [65].

CNTs have attracted growing attention also in the biomedical field, thanks to
their combination of electrical conductivity, mechanical strength, and biocompatibility.
Recent research has demonstrated that CN'Ts can serve as effective platforms for drug
delivery, tissue regeneration, and bioelectronic interfaces.

In neuro-engineering, MWCNT substrates have been shown to promote neuronal
adhesion and enhance electrical signaling. For instance, mouse hippocampal neurons
cultured on MWCNT layers directly grew [66] on supporting surfaces exhibiting sig-
nificantly improved neuronal activity and network connectivity compared to control
substrates. The CNT—neuron interface was found to facilitate signal propagation and
synaptic plasticity, highlighting the potential of CNTs in neural interfacing and neu-
roprosthetic technologies.

Cardiac tissue engineering has also benefited from the integration of CNT-based
materials. CNT-infused scaffolds have demonstrated the ability to enhance cardiomy-
ocyte proliferation, differentiation, and functional maturation. In particular, [67]
showed that neonatal rat ventricular myocytes cultured on CNT-coated substrates de-
veloped more physiologically mature syncytia, characterized by improved sarcomeric
organization, enhanced electrophysiological properties, and upregulation of cardiac-
specific genes. The incorporation of CN'Ts within the scaffold provided an electrically
conductive microenvironment that promoted synchronous contraction and efficient
electrical coupling among cardiomyocytes.

Single-walled CNTs incorporated into collagen substrates were utilized [68] as
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growth supports for neonatal cardiomyocytes, which enhanced cardiomyocyte adhe-
sion and maturation. Furthermore, through the use of immunohistochemical staining,
western blotting, transmission electron microscopy, and intracellular calcium transient
measurement, it was discovered that the addition of CN'Ts remarkably increased ID-
related protein expression and enhanced ID assembly and functionality.

A broader overview of these advances is presented by [69], where recent develop-
ments in CNT-based scaffolds for myocardial tissue regeneration are reviewed. The
authors emphasized that CN'T nanocomposites, due to their tunable conductivity and
biocompatibility, represent promising candidates for next-generation cardiac patches
and implantable bioelectronic devices. Their multifunctionality allows simultaneous
mechanical reinforcement, electrical conduction, and biomolecular interaction, which
are key to guiding cell behavior and improving tissue regeneration outcomes.

In diagnostics, functionalized MWCNTs have been tested in vitro and in vivo as
ultrasound contrast agents, demonstrating prolonged echogenicity and low cytotoxicity
[70].

Overall, the versatility of CNTs, from electronics to medicine, continues to drive re-
search toward their integration in next-generation technologies, where their structural,
electrical, and multifunctional properties can be fully exploited.

Figure 2.11.  Vantablack: one of the darkest materials produced [71].

An important issue concerns the toxicity of CNTs. Research in this field is still
in its early stages, and numerous studies are currently underway to assess potential
health risks associated with ingestion or inhalation of CN'Ts. Preliminary results high-
light the challenges in evaluating the toxicity of this heterogeneous material. It has
been shown that certain CNTs can bypass the body’s natural defenses, translocate
to organs, and trigger inflammatory and fibrotic reactions. Inhalation exposure to
MWCNTs, for example, results in lung deposition and persistent inflammation, with
activation of alveolar macrophages and interstitial fibrosis lasting for months after
exposure [72-74]. Similarly, SWCNTs have been reported to provoke robust inflam-
matory responses and early-onset fibrosis in mouse lung tissue following aspiration or
inhalation [75]. Overall, exposure to respirable CNTs, regardless of synthesis method
or metal impurities, has been consistently associated with inflammatory, fibrotic, and

21



2 — From CNTs to CNT-based materials

sometimes granulomatous lung lesions [73, 76, 77].

Under certain conditions, CNTs can penetrate the cytoplasm and induce apoptosis
(cell death) [78]. Moreover, rodent studies have shown that CNT exposure can lead to
epithelioid granulomas, fibrosis, and alterations in lung biochemical and toxicological
function. The needle-like shape of CNTs resembles that of asbestos fibers, leading
to the hypothesis that, like asbestos, CNTs may induce mesothelioma and pleural
diseases, particularly when long, rigid, and biopersistent fibers are involved [79-81].

Environmental applications have emerged as another growth area. CNT-based
water filtration membranes demonstrate removal efficiencies exceeding 99% for heavy
metals, while agricultural applications show 30-50% improved nutrient uptake effi-
ciency [82]. Composite materials incorporating CNTs exhibit fracture toughness im-
provements of 200-400% compared to baseline materials [83], with thermal manage-
ment composites achieving conductivities exceeding 400 W/m - K [84].

Given the novelty of these technologies, these studies naturally require further
investigation, and it remains to be verified whether such effects evolve into cancerous
forms [42].

2.2 CNT-based materials

The mechanical properties of CN'Ts make them suitable candidates for structural ap-
plications [85].

Although CNTs have high structural capacity, their dimensions are very small,
with diameters on the order of 1 nm and lengths of 1-5 um. The problem thus
arises of how to organize CNTs into structural elements for large-scale applications.
When assembled within a matrix, their strength is compromised by defects, impurities,
random orientations, discontinuous lengths, and weakness of the matrix itself.

A large number of CN'Ts aggregated together allows the creation of structures at
larger dimensional scale that partially inherit the properties of CNTs.

CNTs can be dispersed in a polymer matrix to create CNT-based composites (Fig-
ure 2.12(a)) for different applications. CNT clusters (Figure 2.12(b)), produced and
studied mainly during the 1990s and the early 2000s, are composed of a limited num-
ber of CNTs (of the order of 10+10?), and have diameter of about 1020 nm. On the
other hand, CNT Fibers (Figure 2.12(c)) with diameter of the order of 10=-100 pm,
composed of a larger number of CNTs, are obtained by means of different techniques,
which can be divided into “liquid” methods (wet spinning [5, 86]), where CNTs are
dispersed into a liquid and solution-spun into fibers, and “solid” methods (dry spin-
ning [87, 88]), where CNTs are directly spun yarn-like fibers. However, these processes
yield fibers whose properties do not yet approach optimal values [89, 90].

In the literature, there is often a significant degree of inconsistency and overlap
in the terminology used to describe CNT-based assemblies. This confusion arises
mainly from the wide variety of fabrication routes, hierarchical structures, and scales
involved in CNT materials. For instance, the term CNT Fiber is sometimes em-
ployed to describe what are, in fact, bundles of CNTs, while bundle itself may refer
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Figure 2.12. (a) SEM observations of Poly-L-lactic acid (PLLA) nanofibrous
scaffolds containing MWCNTs [91]; (b) High-resolution TEM image of pristine
Single-Walled CNT clusters [92]; (¢) SEM image of the surface morphology of
a CNT Fiber [6].

to small agglomerates of nanotubes or subunits within a larger fiber structure. More-
over, the term CNT Yarn (CNTY) is occasionally used interchangeably with CNT
Fiber, particularly to denote fibers produced through the dry-spinning process. Such
nomenclature can lead to misinterpretations when comparing mechanical properties
or processing methods across different studies.

To ensure clarity and consistency throughout this work, the following well-defined
terminology is adopted:

« CNT: Carbon NanoTube - the basic building block.
« CNT Composite: composite of CN'Ts dissolved in a polymer matrix.

e CNT Cluster: a small cross-sectional area and limited length agglomerate of
CNTs.

« CNT Fiber (CNTF): a larger, aligned assembly of CNTs (possibly formed
by CNT clusters), characterized by significant cross-sectional area and length.
(Note: CNTF is used as the primary acronym for this assembly hereafter).

« CNTF Bundle: an arrangement of several parallel CNT Fibers.
e CNTF Yarn: a twisted assembly composed of CNTF bundles.

« CNTF Cable and Rope: an assembly composed of CNTF bundles or CNTF
Yarns.

¢ CNTF Fabric: woven fabric of CNTF bundles or CNTF Yaruns.

« CNTF Composite: Laminated composite of CNTF Fabric into polymer ma-
trix.
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CNT
D= 1nm
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Figure 2.13. Various CNTs assemblies: CNT, CNT Composite, CNT Clus-
ter, CNT Fiber, CNTF Bundle, CNTF Yarn, CNTF Cable and Rope, CNTF
Fabric and CNTF Composite

A schematic representation of the different assemblies that can be obtained is
reported in Figure 2.13. The following Sections will explore these elements in detail,
while CNTF Fabrics and Composites will be discussed extensively in Chapter 7.

2.3 CNT-based composites

A composite material is defined as a system comprising two or more distinct phases
that maintain their individual identities while interacting through an interface. This
synergistic combination yields properties that cannot be achieved by any constituent
phase alone [43, 93]. The fundamental architecture typically consists of a reinforce-
ment phase, which provides mechanical or functional performance, embedded within
a continuous matrix that ensures structural cohesion and facilitates load transfer.
While conventional fiber-reinforced composites have approached their practical
optimization limits at the microscale [94], the development of nanocomposites has
emerged as a viable pathway for further advancement. Initial nanocomposite systems
utilized fillers such as carbon black or silica in polymeric matrices [95]. However, the
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introduction of CN'Ts has opened new avenues due to their high aspect ratio and in-
trinsic multifunctionality. Consequently, CN'T-polymer nanocomposites have become
a principal research focus, enabling the enhancement of polymer properties with the
distinctive electrical, thermal, and mechanical characteristics of CNTs [20].

Their fabrication primarily relies on three approaches: solution processing, melt
processing, and in situ polymerization. In solution processing (Figure 2.14), CNTs are
dispersed in a solvent and mixed with a soluble polymer matrix using mechanical stir-
ring or sonication. Melt processing (Figure 2.15) is mainly employed for thermoplastic
matrices, providing scalability and industrial relevance. In situ polymerization (Fig-
ure 2.16) allows integration within thermally unstable or insoluble polymers, yielding
strong CNT-matrix interfacial bonding.

Film

Polymer CNTs/Polymer
solution dispersion mixture

Nanocomposite film

Figure 2.14. Schematic image of the "solution" process [94].
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Figure 2.15. Schematic representation of a twin-screw extruder for melt-phase mix-
ing of CNTs with thermoplastic matrices [96].
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Figure 2.16. Schematic representation of the in situ polymerization process [97].
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The performance of CNT-polymer nanocomposites depends strongly on CNT dis-
persion, alignment, and interfacial adhesion [43, 97]. While stiffness and strength gen-
erally increase with CNT loading, excessive content or poor dispersion can lead to ag-
glomeration and mechanical degradation. Surface functionalization of CN'Ts improves
compatibility with polymer matrices and enhances interfacial load transfer. Align-
ment [43] also plays a crucial role: oriented CNTs significantly improve anisotropic
mechanical and electrical properties compared to randomly distributed ones.

CNT-based composites find applications in multifunctional materials for electro-
magnetic interference (EMI) shielding, thermal management, energy storage, and
lightweight structural components. Despite these advances, key challenges remain,
notably achieving homogeneous dispersion and controlled orientation of CNTs with-
out compromising their intrinsic properties. Further progress in functionalization and
processing techniques is required to fully exploit CN'Ts within high-performance struc-
tural composites [94].

2.4 CNT Clusters

In general, production techniques yield CNT aggregates in weakly interacting clus-
ters (Figure 2.17) with compliant mobility associated with their relative sliding along
longitudinal contact regions. Their collective mechanical behavior originates not only
from the covalent bonds between atoms within each CN'T, but also from the weak van
der Waals interactions, which connect the different CNTs [8, 25, 98]. In general, the
mechanical properties of CN'T aggregates are strongly influenced by their micro- and
macro-structure, which is dictated by manufacturing methods and processing tech-
niques, because the arrangement of CNTs and their interactions depend significantly
on the manufacturing process. During the 1990s and early 2000s, CNT clusters with
diameters of 10-20 nm, composed of a limited number of CN'Ts (of the order of 10-100)
with uncontrolled microstructure, were produced and studied.

The transfer of shear forces between adjacent CN'Ts, which greatly influences the
mechanical properties of the cluster, has been studied by several authors, mainly using
molecular models [101-103] and corroborated by experiments [49, 104]. The stiffness
of clusters can be increased by cross-linking the constituent CNTs (Figure 2.18), using
electron beams [48, 105], ion irradiation [106], cycloaddition reactions [107] and other
techniques [26]. The bonding between adjacent nanotubes increases the shear transfer
capacity and, therefore, improves the effective mechanical properties of the cluster [7].

The bending of microscopic CNT clusters (composed of a limited number of CNTSs)
has been characterized both theoretically and experimentally [108-110] but the works
that specifically consider the flexural stiffness of macroscopic fibers composed of a
large number of CNTs (typically on the order of 10°-10% on the fiber section) are
significantly fewer [7]. Some authors have exploited the theory of layered sandwich
beams [111, 112] to propose simplified models, but these are characterized by very re-
strictive assumptions. Through gas flow synthesis, it has been possible to manufacture
CNT Clusters with tensile strength greater than 80 GPa [85], but their length remains
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(a)

Figure 2.17. (a) High-resolution TEM image of a Single-Walled CNT cluster with
electron beam perpendicular (1) or parallel (2) to the cluster axis [99]; (b) High-res-
olution TEM image of a CNT clusters [100].

Crosslinking
Agent
H,50,, NaNO,
60 °C

Figure 2.18. Cross-link between CNTs [27].

limited to a few centimeters.

2.5 CNT Fibers

In the last decade, new production techniques [5, 86, 113, 114] have made it possible
to obtain macroscopic continuous fibers, composed of a large number of well-organized
CNTs. CNTFs, with a diameter of 10-100 pm and a substantially continuous length
(tens of meters and more), are suitable for high-value applications in the electronic,
aerospace, and biomedical fields, and, thanks to their flexibility, can evolve into engi-
neered materials [7]. Figure 2.19 shows SEM images of the surface morphology of a
fiber.

CNTFs are promising for large-scale components as they exhibit mechanical and
electrical properties capable of competing with both high electrical resistance fibers
(such as aramid or Carbon Fibers) and conductive fibers. Following the significant
introduction of aqueous suspension spinning by Poulin’s group [117], the solution-
spinning process has proven effective for the production of CNTFs with highly aligned
densely packed microstructures of short CNTs (below 10 pm), hereinafter referred to
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(a) (b)

Figure 2.19. (a) SEM image of the fiber surface morphology; (b) fiber section ob-
tained by focused ion beam milling. The fiber is not perfectly round, indicating imper-
fect coagulation; however, it shows few voids, indicating a densely packed structure,
as in previous reports [115, 116].

as solution-spun CNTFs (SS-CNTFs). In current times high-throughput wet spinning
procedures [6, 54] have allowed to obtain macroscopic continuous SS-CNTFs, com-
posed of highly oriented and well-packed CNTs, with diameter up to 500 pum, and,
in principle, no limit in terms of length. Remarkably, fibers obtained from helically
coiled CNTs exhibit more tunable mechanical properties than those with straight ones
and hold great potential for a wide range of applications [118, 119]. Since there is
no matrix that incorporates CNTFs (unlike classic Carbon Fibers), their macroscopic
properties could resemble those of the constituent CN'Ts. This achievement remains
a major goal that is still difficult to attain; however, thanks to advances in produc-
tion technologies, significant progress has been made over the past two decades [120].
State-of-the-art CNTFs now exhibit mechanical properties that are competitive with
traditional Carbon and Aramid Fibers [121-123], often coupled with high flexibility
and toughness [124, 125], as well as electrical properties comparable with metallic
conductors [6, 126].

To the touch, CNTFs are very similar to a cotton thread: they are lightweight,
highly flexible, more conductive than stainless steel, and much stronger than copper.
Experiments have shown that their high axial stiffness dominates over flexural stiff-
ness [125]. This is a consequence of the particular microstructural organization of the
fibers, which bind to each other along their lateral surface using van der Waals forces.
It has been theoretically demonstrated that the tensile and flexural capabilities of the
fibers are dictated, more than by the properties of the CNTs [7], by the compliance of
the lateral bond and, in particular, by the offset between adjacent CN'Ts. Therefore, it
is expected that improvements in production techniques will allow for a denser pack-
ing of longer CNTs with optimal offset, increasing the strength of the lateral bond to
achieve mechanical properties close to those of CNT clusters [127]. The availability of
long CNTFs can enable the production of structural elements with capabilities that
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significantly exceed those of their metallic competitors.
Regarding studies on the characterization of the mechanical properties of CNTFs,
it has been observed that their flexural response is determined by the shear coupling of

the CNTs that compose them, but its analytical treatment becomes very complicated
[128].

2.5.1 CNTFs production process

Among the several methods to obtain continuous fibers from CNTs the direct-spinning
method has received significant attention because of its relative simplicity in producing
high-performance materials without apparent limitations in size. CNTFs and films
fabricated by this approach have demonstrated notable properties and opened new
areas of research and commercial development. Since its introduction more than a
decade ago, this method has not only provided valuable insights into the fundamental
science of nanomaterials but also enabled the creation of the first prototypes with
significant potential for practical applications. As a result, research activity on CNTF
spinning has expanded rapidly, with numerous contributions from groups worldwide.

A central challenge in fabricating high-performance CNTFs lies in aligning the
individual CNTs along the fiber axis and producing a continuous filament. The four
primary spinning methods established to date are dry spinning, array spinning (Figure
2.20(a)), direct spinning (Figure 2.20(c)) and wet spinning (Figure 2.20(b)). Below
these methods are discussed in detail.

Twisting or rolling from CNT films (solid-state or dry spinning)

In this technique, CNTFs are obtained by twisting or rolling continuous CNT sheets
or ribbons drawn from a forest or produced via filtration as shown in Figure 2.21(a).
The process is entirely carried out in the solid state, without the use of solvents. A
CNT film, typically composed of aligned or partially aligned nanotubes, is continu-
ously drawn and twisted along its axis to form a compact yarn-like structure. The
mechanical integrity of the fiber is primarily achieved through van der Waals interac-
tions and frictional forces between adjacent CN'Ts. The degree of twist plays a crucial
role in determining the final properties: a moderate twist enhances load transfer and
tensile strength, while excessive twist may lead to misalignment and a reduction in
stiffness. Post-treatments such as densification with organic solvents (e.g., acetone or
ethanol) or thermal annealing can further improve packing density and mechanical
performance. This approach is particularly suitable for producing fibers with highly
aligned CNTs and minimal structural damage. Nanoscale fibers drawn from MWC-
NTs such as the one shown in Figure 2.21(b) exhibit strengths comparable to spider
silk. Replacing conventional metal wires in electronic textiles with these high-strength
yarns could enable new functionalities, such as actuation (as artificial muscles [130-
132]) and energy storage (as fiber-based supercapacitors or batteries [133]).
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Figure 2.20. (a) Schematic of the array forming process from CNT forests. Left to
right: as-synthesized CNT array, array forming, post processing (stretching, micro—
combing, polymer infiltration, densification, twisting, etc.), and an array spun yarn;
(b) Schematic of the wet forming process. Left to right: CNT synthesis (any synthetic
approach), purification and suspension in super-acid, schematic of wet-spinning of a
yarn from liquid crystalline CNT dope, SEM image of a dense super-acid spun fiber
cross-section; (c¢) Schematic of the dry forming process. Left to right: floating catalyst
CVD process and CNT article collection, post-processing (stretching, densification,
infiltration), SEM image of a wet-stretched direct spun CNT yarn cross-section [129].

Spinning from vertically aligned CNT arrays grown on a substrate

Analogous to drawing silk threads from a cocoon, CNTFs can be obtained directly
from vertically aligned CNT arrays, often referred to as “CNT forests.” In 2002, Jiang
et al. [87] reported the spinning of a 30 cm long CNTF from an array with a height
of 100 pm. Since then, extensive research has focused on optimizing this method to
enhance fiber properties. The spinnability of CNT arrays depends strongly on their
morphology, alignment, and density. Well-aligned, densely packed CNTs with mini-
mal amorphous carbon content enable continuous drawing of cohesive fibers. During
spinning, van der Waals forces and mechanical entanglement allow CNTs to be pulled
from the array, forming a continuous thread. The resulting fibers can be twisted,
densified, or infiltrated with polymers to improve mechanical and electrical properties.
This method enables precise control of alignment and purity, but is limited by the
scalability and cost of producing large, uniform arrays.
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Figure 2.21. (a) SEM image of dry spinning process of CNT. The fiber shown
has a diameter of approximately 1 pum, while the individual nanotubes from
which it is composed are about 10 nm in diameter [134]; (b) Dry spun CNTF
made of MWCNTs [135]

Spinning from CNT aerogels formed in a chemical vapor deposition reactor

Another route for CNTF fabrication relies on direct assembly from the synthesis en-
vironment. Instead of post-processing CNTs from arrays or solutions, fibers can be
formed directly inside a CVD furnace. Zhu et al. [88] first demonstrated the continu-
ous synthesis of long, aligned CNT strands using a floating-catalyst CVD process in a
vertical furnace. In this method, CNTs are generated in the gas phase and entangle to
form a continuous aerogel, a low-density CN'T network that flows with the carrier gas.
The aerogel is continuously drawn from the reactor outlet, condensed, and wound onto
a spool, forming a CNTF. Post-spinning treatments such as twisting, solvent densi-
fication, or polymer impregnation can be applied to enhance alignment and packing
density. This “direct spinning” technique is among the most scalable routes for CNTF
production, allowing continuous synthesis and spinning in a single step.

Spinning from CNT solutions (solution-state or wet spinning)

Wet spinning was one of the first methods developed for the production of CNTFs [86],
and it remains one of the most widely employed and versatile approaches to obtain
continuous CNTFs. Coagulation spinning, originally developed for the production
of high-performance fibers such as Kevlar, acrylic, and poly(acrylonitrile) (PAN), has
been successfully adapted to CN'Ts. In this process, a CN'T or CNT—polymer dispersion
is extruded through a spinneret into a coagulation bath containing a liquid in which
the solvent is soluble but the CNTs or polymer are not. The sudden change in solvent
environment induces aggregation and alignment of CNTs, leading to the formation of
a continuous filament. This process is schematically represented in Figure 2.22.

The quality of the dispersion, often stabilized by surfactants, polymer wrapping, or
chemical functionalization, determines the degree of CN'T alignment and the resulting
fiber performance. Stretching during coagulation or post-drawing can further enhance
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alignment, tensile strength, and toughness. Over the past two decades, several varia-
tions of coagulation spinning have been developed to produce both pure CNTFs and
CNT-polymer composite fibers with high flexibility and multifunctionality.
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Figure 2.22. Schematic representation of the wet spinning process for CNT
Fibers: CNT syntesis, purification, dispersion, extrusion through the spinneret
in coagulation bath and collection [136].

The fibers on which this work mainly focuses are Solution-Spun CNT Fibers pro-
duced via a solution-spinning method known as wet spinning developed at the Rice
University in Houston, TX by the group of R.E. Smalley [5] and now supervised by M.
Pasquali. This technique decouples CNT synthesis from fiber formation, a significant
advantage that allows for independent optimization of CN'T characteristics, such as as-
pect ratio, purity, defect density, and wall number, and assembly conditions, including
the potential for CNT purification prior to spinning [129]. Depending on the medium
and process parameters, two main approaches can be identified:

Wet forming. In this method, CNTs are first suspended in a fluid medium and then
consolidated into macroscopic structures. The suspending medium may be removed by
evaporation or vacuum filtration, resulting in planar isotropic CNT networks known as
buckypapers [129]. Alternatively, the CNT suspension can be injected through a fine
capillary into an anti-solvent or coagulant, where shear-induced alignment promotes
the anisotropic assembly of CNTs into fibers or yarns [129]. The degree of alignment
depends on factors such as CNT concentration, viscosity of the dope, and shear rate
during extrusion. The alignment can be further improved by mechanical stretching
during or after coagulation.

Acid dissolution and liquid crystalline wet spinning. A significant advance-
ment in CN'T wet spinning has been the introduction of superacids, such as chlorosul-
fonic acid, which act as true solvents for CN'Ts [13, 137, 138]. These acids enable stable
CNT dispersions at relatively high concentrations (2-6 wt%), where CNTs form ne-
matic liquid crystal phases [54, 129]. This intrinsic liquid crystalline order facilitates
axial alignment during extrusion, leading to densely packed and highly anisotropic
fibers. An important variation of the original wet spinning method apart from the use
of acid as a solvent is the use of water as coagulants [5]. This acid-based method sim-
plifies the original wet spinning process by avoiding surfactants in the CNT dispersion
and eliminating polymer from the coagulation bath, and has so far produced the most
highly ordered and dense CNTFs [5].
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In a typical process, high-quality CNTs are dissolved in chlorosulfonic acid (Figure
2.23(b)), filtered to remove impurities (Figure 2.23(d)), and extruded through a die
(Figure 2.23(e)) of diameter between 65 and 130 pm, into a coagulant such as acetone
or water [139] to remove the acid [54] as shown in Figure 2.23(e) . The forming filament
is continuously collected on a winding drum rotating faster than the extrusion rate,
ensuring uniaxial stretching and alignment of the CNTs as shown in Figure 2.23(g).
The fibers are subsequently washed in water and dried at 100-120°C.

(a) (b)

Dissolution into

Chlorosulfonic Add

Figure 2.23. (a) Purified CNTs; (b) Dissolution into chlorosulfonic (acid liquid crys-
talline mixture); (c) Dope loading; (d) Filtration; (e) extrusion and spinning; (f)
Coagulation; (g) Winding drums with collected fibers; (h) Further processing [140].
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Figure 2.24. Schematic representation of CNT alignment during wet spinning. Shear
flow in the spinneret and stretching during collection promote uniaxial orientation of
CNTs, enhancing mechanical and electrical properties [139].

Wet spinning is highly scalable, similar to the industrial processes used for high-
performance fibers such as Kevlar, Twaron, or PAN-based Carbon Fibers [141]. More-
over, this approach enables the formation of parallel CNT arrays bonded via van der
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Waals interactions [8, 25, 98, 142|, leading to long and structurally robust fibers or
yarns. The resulting microstructure is typically dense and highly aligned [6]. This
stands in contrast to other techniques, such as direct spinning, which produce fibers
based on much longer CNTs (that can be up to 1 mm [143]) but often with lower
alignment and packing density. Wet-spinning technologies allow for the production of
continuous fibers with lengths on the order of meters [6] with a morphology shown in
Figure 2.25.

1pum

Figure 2.25. Low-magnification SEM image showing the typical morphology
of Wet-Spun CNT Fibers [54].

Despite the superior structural order achievable with acid spinning, this method
faces important limitations. The hazardous nature of superacids complicates large-
scale implementation, and dissolution requires CNTs of very high purity and narrow
diameter distribution, often necessitating additional purification steps [129]. Further-
more, inadequate CN'T length has been a historical challenge. Early acid-spun fibers
used very short CNTs, which was presumed to be the culprit for their initially disap-
pointing mechanical properties [89]. This led to a perception in the literature that wet
spinning was inappropriate for handling long CNTs. However, recent developments
have countered this notion, demonstrating that even with CNTs of moderate length
(around 5 pm), optimized wet spinning methods can effectively aggregate them into
high-performance, multifunctional fibers with high mechanical and electrical proper-
ties [54]. Recent studies have demonstrated that solution-spun CNTFs can be fully
and easily recycled without any loss of their original properties, regardless of the
characteristics of the constituent CNTs [144]. This recyclability provides a distinct
advantage over conventional Carbon Fibers, which cannot be reprocessed without sig-
nificant degradation of their mechanical and functional performance. The possibility of
recovering and reusing CNTFs without compromising their quality not only enhances
their economic attractiveness but also aligns with the growing demand for sustainable
and circular-material technologies in high-performance applications.
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2.5.2 CNTFs mechanical and physical properties

The mechanical, electrical, and thermal properties of wet-spun CNTFs are typically
characterized by testing individual macroscopic filaments (e.g. 20 mm gauge length)
of diameter between 10 and 30 um cut from wound spools (100-500 m) [140]. The
stress is computed as the applied force divided by the cross-sectional area, which is
determined via scanning electron microscopy (SEM), optical microscopy or indirectly
estimated from the linear density knowing the fiber density. As CNTFs are frequently
investigated and considered in the context of textile engineering, tensile properties
are typically expressed in terms of specific strength or specific modulus, with units of
N/tex!.

Studies on wet-spun CNTFs [54] reported notable mechanical properties such as
an average tensile strength of 1.0 GPa, a Young’s modulus of 120 GPa, and a den-
sity around 1.3 g/cm3. In contrast, fibers produced by direct or array spinning can
reach significantly higher values: for example, Lee et al. [136] achieved 4.88 GPa ten-
sile strength and 214.5 GPa modulus, with knot efficiency of 48 £+ 15 % but lower
electrical properties. Koziol et al. [145] reported up to 9 GPa strength and 350 GPa
stiffness for the CNTF spun directly and continuously from gas phase as an aero-
gel used in their work. More recently, Zhang et al. [146] reported CNTFs with a
“dynamic strength” of 14 GPa, attributing such performance to enhanced inter-tube
interactions, densification, and improved alignment, especially under high strain-rate
loading [146]. Wet-spun CNTFs used in the present work, showed an average tensile
strength of 2.2 GPa, modulus 136 GPa, knot efficiency 70%, elongation at break 1.4%,
and density 1.3 g/cm?.

Wet-Spun CNTFs also display substantial electrical and thermal performance.
Their baseline electrical conductivity at room temperature is 2.9 MS/m; doping with
iodine increased this to 5 MS/m, a level that remained stable over one year and under
thermal cycling to 200 °C for 24 h. Thermally, the average conductivity was mea-
sured at 380 W/(m - K) on short (1.5 mm) samples; iodine doping boosted this to
635 W/(m - K) and slightly increased density (from 1.3 to 1.4 g/cm?). Notably, the
thermal conductivity remained stable even after annealing at 600 °C, though electrical
conductivity dropped an order of magnitude (to 0.4 MS/m) [54].

These combined properties are notable when compared to those of other high-
performance materials. In Chapter 3, it will be explored in more detail how these
properties are correlated. Table 2.2 reports a comparison between the mechanical
properties of different laboratory produced CNTFs [6, 124, 136] and common mate-
rials as prestressed concrete (PSC), copper, iron, aluminum, titanium, a structural
steel (A36), and a high-strength martensitic steel (MS) and commercial fibers such
as Carbon Fibers, Kevlar, Zylon, Dyneema, glass [6, 147-160] and a reference CNT
(CNT-R) whose mechanical properties are based on theoretical arguments also con-
sidered in other works [48, 85] also reported for the sake of comparison.

'The tez is a unit of linear density for textiles, equal to 1 gram per 1000 meters of material.
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SPEC. SPEC.
GROUP MATERIAL DENSITY MODULUS MODULUS STRENGTH STRENGTH
(g/cm?) (N/tex) (GPa) (N/tex) (GPa)
COMMON Concrete (PSC) 2.55 11.77 30.00 0.00 0.01
Copper 8.96 11.16 100.00 0.02 0.20
Aluminum 2.70 22.21 60.00 0.04 0.10
Titanium 4.52 24.36 110.00 0.04 0.20
Iron 7.86 24.18 190.00 0.07 0.55
Steel A36 7.85 14.01 110.00 0.07 0.55
Steel MS 7.85 26.75 210.00 0.23 1.80
CNTF CINA-UK 2.00 65.00 130.00 2.30 4.60
SS-CNTF 1.79 167.44 300.00 2.40 4.30
KIST 1.10 195.00 214.50 4.44 4.88
CARBON Mb55J 1.91 282.72 540.00 2.10 4.02
FIBER M40X 1.79 210.61 377.00 3.07 5.50
T800 1.80 163.33 294.00 3.27 5.88
T1100 1.79 181.01 324.00 3.91 7.00
KEVLAR K29 1.44 48.96 70.50 2.03 2.92
K49 1.44 78.06 112.40 2.08 3.00
ZYLON Z HM 1.56 173.08 270.00 3.72 5.80
Z AS 1.54 116.88 180.00 3.77 5.80
DYNEEMA  SK60 0.99 105.34 104.00 3.14 3.10
SK99 0.96 160.67 155.00 4.25 4.10
GLASS VE 2.60 27.85 72.40 0.92 2.40
V 82 2.48 35.08 87.00 1.85 4.60
CNT CNT-R 1.27 784.80 1000.00 78.48 100.00

Table 2.2. Comparison of density, modulus, specific modulus, strength, and
specific strength for CNTFs, Carbon Fibers, Kevlar, Zylon, Dyneema, glass,
CNTs, and common materials (prestessed concrete (PSC), copper, iron, alu-
minum, titanium, a structural steel (A36), and a high-strength martensitic
steel (MS)) [6, 124, 136, 147-160].

It is important to note that fibers produced via other methods (e.g. array spinning
or direct CVD spinning) may exhibit different performance profiles: they can offer
longer CNT lengths, potentially lower defect densities or higher process throughput,
but sometimes at the cost of reduced alignment or packing density relative to the best
Wet-Spun Fibers. In Chapter 3, the interdependence between CNT length, alignment,
wall number, purity, and graphitic quality will be explored in depth to rationalize these
performance differences.

2.5.3 CNTF Bundles, Yarns, Cables and Ropes

Aligned CNTFs (Figure 2.26(a)) can assemble into CNTF bundles (Figure 2.26(b)) ,
which in turn can be twisted (Figure 2.26(c)) or joined together (in this case every
bundle is a ply) to form a macroscopic yarns (Figure 2.26(d)), ropes (Figure 2.26(e)),
or cables [127, 161]. These hierarchical structures exhibit significant strength and
multifunctionality, making them suitable for structural and functional applications
across various engineering sectors. Furthermore, increasing the torque applied to the
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ends of a cable with one or more concentric layers of wounded yarns increases its
strength acting also as a safety factor, because the friction between the fibers generated
by the twisting keeps them compact even if one breaks [162].

(b) (d)

Figure 2.26. (a) CNTF; (b) untwisted CNTF bundle; (¢) twisted CNTF bundle; (d)
3 ply CNTF yarn; (e) 4x4 CNTF rope

An important analytical topic in structural engineering is the specific behavior of
axial stiffness versus the tensile strength of the cable as a function of the surface twist
angle [ of the bundle, which is 90° when the fibers in the bundle are untwisted, straight
and parallel, while decreasing with the increasing twist rate. The bundle axial stiffness
decreases with increasing twist, while the tensile strength of the cable increases. An
optimization problem concerns the intersection point of the two functions, in order to
satisfy both requirements [127].

Finally, CNTF bundles and yarns can be woven into fabrics, which may serve as
reinforcement layers in epoxy-based laminated composites, while unidirectional epoxy-
based composites can be produced directly from aligned CNTF bundles.

2.5.4 Applications of CNT Fibers

The distinctive properties of CNTFs have enabled new applications across diverse
fields.

Biomedical applications

In biomedical engineering, CNTFs have demonstrated capabilities that challenge con-
ventional materials. Recent advances have shown particular promise in neurological
applications, where CNTF-based neural electrodes exhibit higher charge injection ca-
pacity compared to traditional platinum electrodes [163] (Figure 2.27(a)). The devel-
opment of electrically conductive bio-compatible CNTF-based sutures for arrhythmia
treatment (Figure 2.27(b)) has created new possibilities in postoperative care, com-
bining wound closure with real-time electrophysiological monitoring [164]. In [165]
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the bio- and immune-compatibility profiles of CNTF were systematically evaluated
at cellular, organ, and systemic levels. In vitro, CNTF showed good cytocompati-
bility with cell-lines like HEK-293, SH-SY5Y, as well as primary cardiomyocytes and
macrophages. Ex vivo, CNTF showed no impact on blood parameters or functional-
ity of key immune cells. In vivo, intraperitoneal injections of leachates from CNTF
production revealed no evidence of toxicity suggesting no leachable or residual degrad-
able byproducts. In addition, as the first multiscale toxicological evaluation of a CNT
macrostructure, it was demonstrated that CN'T macrostructures should be evaluated
as their standalone class of carbon material, separately from individualized CNTs and
unstructured CN'T agglomerates.
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Figure 2.27. Biomedical applications of CNTFs: (a) Neural electrode array for
deep brain stimulation showing seamless integration with neural tissue [163]; (b)
Conductive sutures for arrhythmia treatment demonstrating mechanical flexibility
comparable to surgical thread while maintaining electrical conductivity [164].

Electronic applications

The development of CNTF-based conductors offers a viable route to significantly re-
duce the mass of electrical wiring in automotive and aerospace systems. Their combi-
nation of low density, high mechanical strength, and excellent electrical conductivity
enables significant efficiency gains when replacing conventional metallic cables.

The electronics industry has increasingly embraced CN'TFs due to their combina-
tion of conductivity, flexibility, and durability [168]. These materials enable the fabri-
cation of smart textiles with embedded sensors and ultra-lightweight wiring networks.
Recent advances have demonstrated that neat CNT Threads (CNTTs) made from SS-
CNTFs can function as sewable electrodes and signal transmission fibers, combining
metal-like conductivity with textile softness and durability [166]. These CNTF threads
exhibit low interfacial impedance with skin, enabling high-quality electrocardiogram
(EKG) monitoring comparable to commercial electrodes. Moreover, they maintain
stable electrical performance after repeated stretching and machine washing, enabling
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Figure 2.28. Multifunctional CNTF applications: (a) Shirt with integrated CNTF
sensors for continuous vital sign monitoring [166]; (b) CNTF wiring achieving remark-

able mass savings compared to conventional cabling [167]; (¢) A 46 g light-emitting
diode lit and suspended by two 24 pm thick CNT Fibers [54].

scalable, biocompatible, and flexible electronic garments that can be manufactured
using conventional textile processes, a practical application where CNTF sensors for
continuous vital sign monitoring are integrated in a sport-shirt is shown in Figure
2.28(a).

Transparent conductive films based on CNTF networks have achieved sheet resis-
tances below 100 €/sq with over 90% optical transparency, competing with indium
tin oxide in display technologies [169]. In flexible electronics, CNTF-based circuits
maintain stable electrical operation under bending radii below 1 mm, allowing the
realization of foldable and deformable devices.

As alternatives to traditional metallic conductors in electrical and structural wiring
systems, CNTFs provide a unique balance between weight and multifunctionality.
The very low density of CNTFs (approximately 1.3-1.4 g/cm?®) compared to copper
(8.9 g/cm?) enables significant mass reduction without compromising either mechani-
cal integrity or electrical performance. This feature makes CNTFs particularly suitable
for aerospace, automotive, and portable electronic applications, where weight reduc-
tion directly translates into energy efficiency and design flexibility.

In [54] it was demonstrated the multifunctional properties of SS-CNTFs by sup-
porting and wiring a light-emitting diode (LED) weighing 46 g shown in Figure 2.28(c)
and by fabricating cold electron-emitting cathodes. The LED was supported by two
CNTFs of 24 +1 pum of diameter. The stress in each fiber was ~500 MPa, well above
the breaking strength of copper wires, but the filament resistance was low enough to
run 30-mA current (6.6 x 10> A/cm? current density) and light the device.

Recent research has demonstrated the development of lightweight copper-CNT
core—shell Fibers, in which CN'Ts act as a conductive core coated with a thin copper
layer [170]. These composite wires achieved up to a sixteen-fold reduction in weight
compared to pure copper while maintaining comparable conductivity on a gravimetric
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basis. Similarly, Park et al. [171] reported hybrid CNT/Cu/graphene wires with en-
hanced electrical, thermal, and mechanical performance, highlighting the potential of
CNTFs as both reinforcement and conductive elements in lightweight cabling systems.

Beyond laboratory-scale fabrication, the U.S. National Nanotechnology Initiative
reported the realization of CNTF-based wiring harnesses capable of replacing conven-
tional coaxial and signal cables in aerospace platforms [167]. These CNTF harnesses
demonstrated up to a two-thirds reduction in total cable mass while preserving sig-
nal integrity and power transmission capability, representing a significant step toward
deployable lightweight wiring architectures and indicating strong potential for future
integration into next-generation automotive wiring systems (Figure 2.28(b)).

Efforts to eliminate metallic components entirely have also been reported. Ryu
et al. [172] developed fully metal-free core-sheath composite cables composed of
CNTFs and flexible polymeric insulators. These CNTF-based conductors exhibited
high electrical conductivity, low weight, and strong flexibility, rendering them suitable
for use in lightweight electric motors and wearable electronics.

Furthermore, scalable manufacturing methods such as flow coating have enabled
the production of continuous, flexible CNTF cables with competitive conductivity and
excellent fatigue resistance [173]. These fibers and cables represent a new class of mul-
tifunctional conductors that combine low mass, high electrical efficiency, mechanical
robustness, and potential for energy storage or actuation functionalities.

In parallel, energy storage technologies have greatly benefited from CNTF integra-
tion. CNTF-based supercapacitors have achieved high energy densities of 30-50 Wh/kg
while maintaining power densities exceeding 10 kW /kg [174]. These characteristics
have enabled the fabrication of flexible energy-storage devices seamlessly integrated
into wearable textiles [175].

Using the same wet-spinning method, CNT films or tapes may be produced,
expanding the application spectrum (e.g. electromagnetic shielding). Figure 2.29
presents a SEM image and commercial CNTF tapes from DexMat.

Figure 2.29. (a) SEM image of "Galvron CNT tape"; (b) Windings of
"Galvron tape" [161].

CNTF-based wiring technologies therefore represent a new approach to reducing
cable mass while enhancing multifunctionality. Their combination of low density, high
tensile strength, flexibility, and tunable conductivity positions CNTFs as a promising
material platform for next-generation lightweight electrical and electronic systems.
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Structural applications

If in aerospace applications weight reduction is of paramount importance, in large-
scale civil structures, such as long-span suspension bridges, there is a limit size dic-
tated by material properties, beyond which the structure would collapse under its own
weight [176, 177]. As already noted by Galileo [178], the scaling laws governing load-
bearing systems do not follow the simple geometric proportion: as dimensions increase,
structural weight grows faster than load-carrying capacity, leading to a reduction in
both strength and effective stiffness [120, 127].

The ratio between tensile strength oz and specific weight pg, referred to as specific
strength og/pg, is a material property of critical importance in structural engineering,
not only in the design of efficient light-weight aerospace structures, but even more
so for the construction of large buildings and bridges, which are close to the limit of
collapse under their own weight [177]. To have a better physical understanding of this
quantity specific strength can be interpreted as the so-called characteristic length, e.g.
the maximum length of a vertical column of constant cross-section, which can suspend
its own weight when supported only at the top end [127].

In general, materials for structural applications must be selected based on their
strength, stiffness, and specific weight. In this regard, CNTFs represent a promis-
ing foundation for designing next-generation engineering structures, owing to their
combination of high specific tensile strength and stiffness, and notable flexibility in
bending [7, 179]. These properties stem from their unique nanostructure and hierar-
chical assembly.

Structural applications can therefore exploit the high strength and stiffness of
CNTFs, which exceed those of high-grade steel by factors of 25-50. Such character-
istics enable the design of load-bearing systems far beyond the limits of conventional
materials, paving the way for future developments in civil, marine, and aerospace
engineering.

The high specific strength of CNTFs enables bridge designs with spans exceeding
the limits of steel cables, which are constrained due to self-weight limitations [127].
Feasibility studies for the Strait of Messina Bridge (3.3 km span) indicate that CNTF
cables could reduce mass while maintaining safety factors [127].

Analyses show CNTF systems could increase maximum spans by up to three times
compared to steel [180, 181]. For instance, replacing cables in the Akashi-Kaikyo
Bridge with CN'TFs could extend its span from 1.99 km to 6.30 km. Theoretical esti-
mations suggest CNTF cables could enable spans up to 185 km with current materials,
and several thousand kilometers approaching ideal CNT performance [127].

Multiscale simulations predict practical CNTF cables could achieve ~10 GPa ten-
sile strength [181]. Additionally, CNTFs maintain structural stiffness over long spans
better than steel and can mitigate dynamic instabilities through supplementary strands
[181].

CNTFs present advantages for submerged floating tunnels (SFTs), where structural
stability depends on tensioned anchoring systems. In these applications, conventional
steel cables experience significant stiffness degradation with increasing length due to
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Figure 2.30. Engineering rendering of the Strait of Messina bridge (3.3 km
main span) [182].

self-weight effects, limiting their effectiveness in deep water.

CNTFs mitigate these limitations through their combination of low density, high
tensile strength, and corrosion resistance, enabling stable anchorage systems at depths
exceeding 1 km [127, 183]. Their high specific stiffness reduces dynamic amplification
under ocean currents and wave loads.

Applied studies, including investigations by the Norwegian Public Roads Adminis-
tration for fjord crossings along the E39 coastal highway, demonstrate the feasibility of
SFTs in deep-water environments [184]. Hydrodynamic and structural analyses have
examined motion, stability, and fatigue response under marine loading conditions [185,
186].

Preliminary designs indicate CNTF cables, such as the Rice 2020 type [6], can
support multi-kilometer tunnels while maintaining stability under dynamic ocean con-
ditions. The high buoyancy-to-weight ratio of CNTFs also enables inclined anchorage
configurations that improve tunnel stability [183].

The space elevator represents a theoretical application of CNTFs, consisting of a
tether anchored to Earth and extending beyond geostationary orbit to enable payload
transport without rockets [188]. The system maintains tension through centrifugal
force acting on the upper portion, balanced against Earth’s gravitational pull on the
lower segment.

The critical design requirement is a tether material with specific strength (og/pg)
exceeding 5,000 km [190]. While conventional materials such as high-strength steel
(60 km) and Kevlar (200 km) fall short, CNTFs theoretically meet this requirement
due to their combination of high tensile strength and low density [190].

Current limitations include defects that persist even at synthesis temperatures of
2000-4000 K, limiting macroscopic strength to below 45 GPa [192]. Quantized fracture
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Figure 2.31. Conceptual design of the “Archimedes Bridge” [187].
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Figure 2.32. Operational schematic of a space elevator system [189].

models are needed to describe strength scaling from nanoscale to macroscopic cables.
Tapered tether geometries may provide sufficient safety margins with current CNTF
strengths [193], though challenges remain in large-scale manufacturing, radiation re-
sistance, and dynamic stability [194].

CNTFs have also been proposed as structural tendons in modular flextegrity archi-
tectures for lunar base construction [195]. In these concepts, rigid segments fabricated
in situ from molten regolith, valued for its compressive strength and abrasion re-
sistance [196], are held together by prestressed CNTF strands produced on Earth.
Thanks to their specific strength, CNTFs enable a substantial reduction in launched
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Figure 2.33. Space elevator concept [191].

mass compared to conventional materials such as steel, making them an attractive
solution for lightweight, deployable extraterrestrial structures.

The advent of CNTFs as structural materials marks a significant change in engi-
neering design. As synthesis techniques progress, their high specific strength, stiffness,
and durability may enable applications and megastructures, ranging from kilometer-
scale civil works like bridges and deep-sea tunnels to space-based infrastructures and
seamless human-machine interfaces, continually expanding the boundaries of materials
science and engineering.
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Chapter 3

A model for the effective tensile
stiffness of CNTF

The proper assessment of the effective mechanical properties of CNT Fibers is of
paramount importance for their possible use in macroscopic structural elements.

As discussed in [7], the macroscopic tensile stiffness of CNT Fibers is dictated by
the compliance of the lateral bond between adjacent CN'Ts, dependent on their aspect
ratio, arrangement and cross-link density and, in particular, by their overlapping length
[7]. The latter is often neglected in analytical approaches (see, among the others, [197,
198], considering CNTs running along the entire fiber length), or taken into account as
a random variable in molecular mechanic simulations [53, 199]. In literature models
based on solid mechanics [200, 201}, one of the main simplifying assumption consists
in neglecting the axial deformation of the CN'Ts composing the Cluster/Fiber, i.e., the
constituent CNTs are modelled as axially rigid bars [7, 202]. This usually leads to an
overestimation of the macroscopic stiffness of the fiber.

This is why, in the refined model here proposed, the CNTs are modelled as de-
formable bars, with given axial stiffness. The considered model problem is that of a
fiber composed by CNTs with length much shorter than the fiber length, and con-
nected along their lateral surfaces by means of distributed shear springs. CNTs are
considered to be arranged in a square lattice in the fiber cross-section, of arbitrary
shape, while in the axial direction they are offset of a given quantity with respect
to the adjacent ones. These assumptions are similar to that adopted in [7], but in
that article the CN'Ts were assumed to be axially rigid, and hence the fiber elongation
was due to their axial displacement only. On the contrary, here they are modeled as
deformable bars, whose axial compliance is accounted for, and consequently the fiber
elongation results into two different-in-kind deformation mechanisms, occurring at the
nanoscopic level: the axial displacement of the CN'Ts, and their elongation.
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3.1 Traction response of a CNTF

To investigate the tensile response of the CNT Fiber, an approach similar to that
adopted in [7] is used, i.e., a macroscopic elongation is prescribed to the whole fiber,
and the correspondent axial force is evaluated a posteriori. In the aforementioned work,
the constituent CN'Ts were assumed to be axially rigid, and hence the fiber elongation
was given by the axial displacement of the CNTs. Here, the axial compliance of
the CNTs is accounted for, and hence the macroscopic elongation results into two
different-in-kind deformation mechanisms, occurring at the nanoscopic level, that will
be detailed in the sequel: ¢) the displacement of the CNTs composing the fiber in the
axial direction and i) the (possibly non-uniform) stretch of the individual CNTs.

3.1.1 The model problem

The considered model problem is that of a fiber of length L, with cross-section of
arbitrary shape, with size of the order of 10+100 pum, as shown in Figure 3.1. The
fiber is composed of monodisperse CN'Ts, arranged in a regular square lattice in the
cross-section (Figure 3.1), with diameter d of the order of 1 nm and length | < L
of the order of 1+10 um, so that the CNT aspect ratio is I/d = 10% + 10*. Here,
compliant single-walled! CNTs are considered, with axial stiffness EA, where A is the
cross-sectional area and F the Young’s modulus.

(@) 74 (c)

N
YN

Figure 3.1. Geometry of the considered CNT fiber, (a) cross and (b) longitudinal
sections; (c) shear coupling of the (4,7, k) CNT.

The offset between the caps of CNTs placed on the same longitudinal line allows
their mobility in the longitudinal direction, and their interaction is negligible [98]. The
shear coupling of adjacent CN'Ts on their lateral surface is due to the presence of van
der Walls forces, and may be increased by cross-link [26, 27]. Since the scale of the

!The model can be easily extended to double-walled and multi-walled CNTs simply by correctly
account for their cross area.
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3.1 — Traction response of a CNTF

interaction is at the atomistic level, this may be modelled, from the mechanical point
of view, by means of a soft thin interface layer [200, 203|, or with shear springs a
la Winkler [7, 204].In the present model, the distributed shear springs illustrated in
the magnified view of Figure 3.1(b) are employed, assuming a linear response® with a
stiffness per unit length denoted by &.

With reference to Figure 3.1, introduce the reference system (x,y,z) with z on
the direction of the fiber axis and y, z parallel to the lattice directions. In the cross-
section, each y—“column” (z—“row”, respectively) is constituted by a number of CNTs
dependent on the z (y, respectively) coordinate. Following [7], the random axial mis-
alignment of each CN'T with respect to those belonging to adjacent lines is interpreted
in an average way: when moving in the increasing y (respectively, z) direction, each
CNT is offset (in the x direction) of I, with ¢ € [0,1], with respect to the "previ-
ous" one. The non-dimensional parameter 1) will be referred to as offset parameter.
According to this spatial distribution, each CNT is connected to those composing the
four adjacent "lines" in the y—column and z—row direction. Therefore, as emphasized
in Figure 3.1(c), each nanotube is connected with eight CNTs.

3.1.2 Kinematics and loading state

Assuming that the CNTs are deformable bodies, when the CNT Fiber undergoes a
macroscopic deformation e, this will produce two different mechanisms, namely: the
axial displacement of the individual CN'Ts, moving apart from one another, and their
elongation due to the forces transmitted by the springs, providing a traction load on
the CNT itself. Due to the initial spacing between the CNT caps, and to their axial
displacement increasing the distance of their centroids, the CN'T elongation does not
affect the macroscopic stretch of the fiber. Hence, it can be assumed that distance
increase between the centroids of nanotubes belonging to the same line is homogeneous,
and proportional to €. As detailed in Section 3.2, this allows evaluating the CNTs
position in the deformed configuration and, consequently, the relative displacement
between points lying on adjacent CNTs.

A key point of the proposed model is that, due to the periodicity of the considered
geometry, each CNT will be subjected to the same actions?, transmitted by the shear
springs. Hence, the axial displacement field, hereafter referred to as w(§), will be
the same on all the CNTs composing the fiber?. The shear forces (per unit length)

2More generally, the interaction between adjacent CNTs can be represented using non-linear
springs [205].

3This is not true for CN'Ts lying on the fiber surface, that are connected with less than 8 adjacent
CNTs. However, since the cross-sectional area of the fiber is in general 4 (or even 5) orders of
magnitude higher than that of CNTs, the contribution of the external CNTs may be considered to
be negligible.

4Notice that other models proposed by the literature, based on similar approaches [200, 201],
consider the interaction between only two adjacent CNTs, so neglecting both the complex mutual
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3 — A model for the effective tensile stiffness of CNTF

transmitted by the springs, of stiffness k, connecting the CNT to the adjacent ones
are derived in Section 3.2, and may be written as

,J+l k(f)

Li 1,541, k() =tio 1g,k+1(f) k=1 =)le+u(€ + (1 —)l) —u§)],
tij-11(8) = tijr-1(8) = K [—Yle + u(€ +Pl) —u(§)] ,

tivtj—16(8) = tiv1jh—1(§) = £ [(1 = )le +u(§ — (1 —¥)I) —u(f)] , (3.1.1)

tijr+1(§) = £ [hle + u(€ = Pl) —u(§)]

where pedex follow the notation of Figure 3.1(c).

As schematically indicated in Figure 3.2(a), the (7,7, k)th CNT can be divided in
three regions®, where it is connected with different adjacent CN'Ts, namely: region A,
with £ € [—1/2,1(¢) —1/2)]; region B, with £ € [I(¢) —1/2),1(1/2 — ¢)]; region C, with

€ [l(1/2=v),1/2].

| R

Y

T_.x ik

I |

Lk

- > = = =

e

Figure 3.2. (a) Different regions defined on the (i,7,k)th CNT, and (b) forces
transmitted by CNTs acting on the (i, j, k)th CNT, on the (z,y) plane.

The total force transmitted by the shear springs on the lateral surface of the CNT,
hereafter denoted to as t;,(§), is the sum of the forces transmitted by the adjacent
CNTs. Hence, on the diverse regions it takes different expressions, that are recorded
in Section 3.2.

3.1.3 Evaluation of axial force and displacement

The axial force N (&) acting on the (4, 7, k)-th CNT is related to the axial displacement
by

interaction between the CNT lattice, and the periodicity of the considered problem. Roughly speak-
ing, these models do not consider that the axial displacement /strain/stress fields must be the same
on all the CNTs composing the fiber.

5Obviously, for ¢ = 0.5 (i.e., for CNTs offset by exactly half their own length) the end of region
A (at £ = 0) coincides with the beginning of region C, while the length of region B is nil.
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3.1 — Traction response of a CNTF

N(€) = EAU(€) (3.1.2)

where E is the CNT Young’s modulus, of the order of 1 TPa [18, 19, 44], while A
is the cross-sectional area of the CNT. This may be evaluated as the area of the
annulus (see, among the others, [98, 206]) having mean diameter d, and thickness s,
corresponding to the thickness of the graphite layer, assumed equal to the interlayer
spacing of graphite, i.e., 0.34 nm [47, 207]. The axial force is related to the total shear
forces transmitted by the distributed springs (3.2.12) by the axial equilibrium of the
CNTs, providing the differential relation

N,(f) = EA’LL”(&) - _ttot(f) ) (313)

taking different form in the different regions. In particular,

FEAU' (&) =2k [—el +u(€ + (1 —))) + uw( + Y1) —2u(€)] in region A,

EAW'(E) = 26 [u(€ — ¥) + u(€ + 01) — 2u(€)] in region B
EAU (&) = 2k [el + u(§ — (1 — 1)) + u(§ — l) — 2u(§)] in region C(. Y
3.1.

Continuity condition on both u(§) and N(§) = EAu'(§) should be required at the
interfaces between adjacent regions. Furthermore, since the axial force is null at the
ends of the CN'Ts, boundary conditions are

N(E)le=-1/2 = EAU()|e=—1/2 =0, N(§)le=ij2 = EAU(§)|e=1/2 = 0. (3.1.5)

Eq. (3.1.4) is a delayed-advanced differential equation, where the derivative of
the unknown function at a certain coordinate () depends on the function at other
coordinates, with both a negative and a positive shift. Qualitatively, this stems from
the fact that the value of u(§) at a generic point £ of the CNT depends on what happens
at the "correspondent’ points (i.e., points with the same axial global coordinate z) of
adjacent CN'Ts, having a diverse local coordinate £. Due the symmetry of the problem
(which causes the axial strain and stress field to be the same on each of the CNTs
constituting the fiber), this value of u(&) therefore depends on the value of the same
function at different points on the same CNT.

This kind of equation is most frequently encountered when dealing with time evolu-
tion problems, where a time-dependent function depends on both the current state and
the previous and subsequent states. Applications can be found in electronic, physics,
biology, and economy fields [208, 209], as well as in non-local elasticity [210, 211] and
in peridynamic theory [212-214]|. The exact solution of this class of equations is a
very difficult task [215], and it is usually found by means of numerical techniques (see,
among the others, [208, 216, 217]).
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3 — A model for the effective tensile stiffness of CNTF

3.2 Analytical evaluation of the shear forces in CNTF
and numerical implementation

By considering the generic (i, 7, k)th nanotube, whose centroid has axial coordinate

Tk, the axial coordinates of the centroids of the adjacent CN'Ts on the (z,y) plane,
shown in Figure 3.3(a), are

TGtk = Tagk T VL, Tauimigeie = Tage — (L= Y)L,
TGiij-1k = Tqijk — YL, TGt j—1k = Taiigre + (1 —)L. (3.2.6)
yu
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Figure 3.3. (a) Undeformed and (b) deformed configuration of adjacent
CNTs, on the (z,y) plane, highlighting the axial displacement of the individual
CNTs, and their axial strain.

Consequently, by denoting by £ the local axial coordinate defined on the (4, 7, k)th
CNT (Figure 3.3(a)), the local coordinates defined on the four adjacent CNTs are

Sij+ik =& — YL, Cictjre =&+ (1 =)L,
Sij—1e =&+ YL, Civ1j-1e =& — (1 =)L (3.2.7)

Since the CNTs distribution on the (z,y) and on the (z, z) planes is the same, due
to the symmetry of the problem (Figure 3.1), relations analogue to (3.2.7) may be
written by considering CNTs adjacent to the (4, j, k)th one, lying on the (z, z) plane.
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3.2 — Analytical evaluation of the shear forces in CNTF and numerical implementation

As discussed in Section 3.1.2, the mesoscopic deformation of the fiber produces the
two mechanisms schematized in Figure 3.3(b), i.e., the CNT elongation (highlighted
by the darker regions in Figure 3.3(b)), due to the forces transmitted by the springs,
and their axial displacement. The latter is proportional to the macroscopic stretch e
prescribed to the fiber, and consequently the position of the centroid of the (i, j, k)th
CNT in the deformed configuration is zg.; (1 + €), as shown in Figure 3.3(b).

To evaluate the relative slip between adjacent CN'Ts, consider first the arrangement
on the (x,y) plane, as indicated in Figure 3.3(b). Consider the generic points Py and
Py, belonging to the (i, 7, k)-th and (i,5 + 1, k)-th CNTs, respectively, and initially
having the same axial position, as shown in Figure 3.3(a). By denoting by u(&) the axial
displacement at the local coordinate £, the position of F, after the deformation will
be ¢, ;x(1+€) +&+u(€). Since, as discussed in Section 3.1.2, the axial displacement
field u(§) is the same on each CNT, the axial position of P, after the deformation
will be (g ik + V1)1 +€) + (£ — Y1) + u(€ — ¢l) (Figure 3.3(b)). The reciprocal
sliding between P, and P; may be evaluated simply as the difference between their
final positions, and reads

Bige1(€) = Yle + ul€ — 1) — u(€), (3.2.8)

while, analogously, the relative slip of the (7, j, k)th CNT with the other adjacent CNTs
are

0i— 1]+1k(§) —(1 = )le+u(+ (1 —Y)) —u(f),
0ij—1,k(§) = —le +u(§ + ¥l) — u(§),
Oit1,5-16(8) = (1 = ¥)le + u(€ — (1 = ¥)I) — u(§). (3.2.9)

Consequently, the forces (per unit length) transmitted by the springs, of stiffness
r, connecting the CNT to the adjacent ones, on the (z,y) plane, may be written as

tij+1k(€) = K 0 jr1x(§) = k [Ple +u(€ — Pl) —u(f)]

timtj+1k(8) = K dim1jy1k(§) = K [—(1 = )le +u(E + (1 —P)I) —u(§)]

tij-1.(§) = K 0ij11(§) = K [—le + u(§ + Pl) —u(§)] ,

tiv1j-16(8) = K Giv1j-16(8) = K [(1 = YV)le+u(€ — (1 =P)) —u(§)] . (3.2.10)

The forces transmitted by CNTs connected to the (i, 7, k)th nanotube on the (z, 2)
plane are analogue to that on the (z,y) plane, and read

tiger1(8) = K [Yle +u(§ —¢l) —u(§)]

ti1jhe1(§) = R [=(1 = Y)le+u(@+ (1 —¥)l) —u(d)]

tijn-1(8) = r[=le + u(§ + ¥1) —u(§)]

tivrjr-1(8) = w[(1 = P)le +u(€ — (1 = P)I) —u(f)] - (3.2.11)
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3 — A model for the effective tensile stiffness of CNTF

In the three regions schematically indicated in Figure 3.2(a), the (¢, 7, k)th is con-
nected with different adjacent CNTs, namely:
e region A: (i — 1,5+ 1,k), (¢, —1,k), (i—1,5,k+1), (i,5,k — 1) CNTs;
e region B: (i,5+ 1,k), (1,7 — 1,k), (i,5,k + 1), (4,5, k — 1) CNTs;
e region C: (i,7+ 1,k), (i +1,7—1,k), (i,5,k+ 1), (i + 1,5,k — 1) CNTs.

Hence, the total force transmitted by the shear springs on the lateral surface of the
CNT may be defined, in the three regions, as

tic1j+1.6(8) Ftijo16(6) +tiajur1(§) + i jk—1(€) in region A,

trot(€) = Q4 tijr16(E) +tijo1 k(&) + ikt (&) + tijr—1(§) in region B,
tijr1 k(&) Ftivr—1.6(&) +tijar1(€) +tip1k-1(§) inregion C'.
(3.2.12)

3.2.1 Analytical comparison with the case of rigid CNTs

If the CNTs composing the fiber are assumed to be rigid, as in [7], the governing
equations turn out to be strongly simplified. Indeed, when the axial stiffness of the
CNTs is assumed to be EA — oo, the axial displacement field u(&) is identically nil,
and the expressions for the shear forces transmitted by the distributed springs ((3.2.10)
and (3.2.11)) may be simplified as follows:

tij+1k = lijk1 = Kle,

tictjrie = ticijrer = —K(1 —)le,
Lij—1k = lijr—1 = —KYle,
ti+17j—17k = ti—l—l,j,k—l - Ii(]. - 1/1)[6, (3213)

that coincide with expressions recorded in [7]. This allows to evaluate the total force
transmitted on the lateral surface of the CNT, according to (3.2.12).

The axial force in each CNT may be evaluated by means of equilibrium relation
(3.1.3), with boundary conditions (3.1.5) (null axial force at the CNT’s ends), and
by requiring continuity of N (&) at the interfaces between adjacent regions. It may be
verified that it takes the following expression:

N(§) = rel(l +2§) in region A,
N (&) = 2rel? in region B, (3.2.14)
N(&) = rel(l —2¢) in region C'.

It has been numerically verified that the obtained solution, in terms of N(§), co-
incide with this closed form expression, when a very high value for the axial stiffness
of the individual CNTs is set, i.e., for EA — o0.

If the constituent CNTs are assumed to be rigid, as in [7], their axial force N(&)
cannot be found from their constitutive law (3.1.2). This is why in [7] the axial force
in the whole fiber is evaluated as the resultant of the shear interactions, by performing
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3.2 — Analytical evaluation of the shear forces in CNTF and numerical implementation

a "step-cut" of the fiber, not intersecting the CNTs. However, as discussed in Section
3.2.1, N(§) may be recovered from the equilibrium of the individual CNTs, and it
turns out to be in the form (3.2.14). The proposed approach hence allows to calculate
Ny as the resultant of the axial forces on the individual CNTs by means of Eq. (3.3.8),
providing the following expression:

2

The stiffness of the CNT Fiber may be obtained by means of Eq. (3.3.1), providing
an expression that coincide with (3.3.11) obtained in [7].

3.2.2 Implementation of the finite difference model

The determination of the axial displacement field in the CNTs composing the fiber
is governed by the "delayed advanced differential equation' (3.1.4), i.e., a differential
equation in which the unknown function and its derivatives at a given point in the
domain depend on the values taken by the function itself at "previous" and "subsequent"
points, in terms of the axial coordinate. Because of the high complexity, these kinds
of equations are usually solved by numerical techniques [208].

Here, the solution is found by implementing (3.1.4) with a finite difference tech-
nique. The considered CNT is discretized by dividing it into n, = n — 1 elements,
where n is the number of nodes®, of the same length b. To treat Neumann boundary
conditions (3.1.5) in an accurate way, it is necessary to add two “ghost nodes” (see,
among the others, [218, 219]) outside of the domain and next to the boundaries, as
shown in Figure 3.4. This obviously results in a total number of n + 2 nodes.

1 2 3 4 i i+l n-1 n n+l nt2
Figure 3.4. CNT discretization, with evidence of the “ghost nodes”.

The displacement field in the CNT is described by a vector u, whose components
are denoted in the sequel as u;, © = 1...n 4+ 2. Notice that this choice ensure the
continuity of the axial displacement at the interfaces between the different regions. In
the interior of the computational domain the second derivative is defined by using the
“second central difference” scheme, i.e.,

i+1) — 2U; i
(€)= 2 1:26 U (3.2.16)

while boundary conditions (3.1.5) are prescribed by using the “backward difference”
and “forward difference” schemes at the two ends of the domain, respectively, i.e.,

6To have a symmetrical configuration with respect to the central node, n is chosen to be an odd
number.
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3 — A model for the effective tensile stiffness of CNTF

U — Uy —0 U(n42) — U(n41)
b ’ b
The numbers of elements in region A, n4, and B, ng, are respectively given by

—0. (3.2.17)

na=vn. npg=(1—2¢) n. (3.2.18)

Hence, the boundary nodes between regions A and B, and between B and C,
are located at iap = na + 2 and igc = na + np + 2, as schematized in Figure 3.5.
Obviously, for ¢ = 0.5 the end of region A coincides with the beginning of region C,
while the length of region B is nil. Henceforth, in the numerical code 145 = igc.

n4 elements ns elements
- e S —
—0—0—0—0—0—0—0000000000 000000000 00009
. nt2
12 i4B isc n+1

region A region B region C

Figure 3.5. Discretization of CNT regions.

To avoid ambiguities, the continuity of the axial force N(), i.e., the equality
between the backward and the forward first derivative of u(&), is prescribed at the
interface nodes i4p and 7g¢, in the form

Ui — U(i—-1) U(i4+1) — Uy

; - ; i =iag, igc, (3.2.19)

while the field equations (3.1.4) are prescribed on the three regions in the form

EAu(i+1)—2;i+u(i—1) — 2]{;(5[ — U(itna) — U(itnatng) +2 Uz) Vi € [2, iAB — ]_]

EAu(iJrl)_qugi-ﬁ-u(ifl) = Qk(u(Z-HIA) — U(i—n,) + 2 uz) Vi € [iAB + 1,10 — ]_]
EAu(i+1)*2b1;¢+u(z‘fl) = _Qk;(gl — U(i—ns—np) — U(i—na) + 2 ui)’ Y e [iBC + 1, n + 1] .
(3.2.20)

To avoid rigid body displacements, the displacement of the central node has been set
equal to zero. Equation (3.2.20) may be rearranged in a matrix form as Ku = b,
where K is the matrix of coefficients, u is the vector of unknown nodal displacements,
and b is the vector of known terms. It may be verified that K is a banded matrix.

3.2.3 Influence of model parameters

The delayed-advanced differential equation (3.1.4) is numerically solved by means of
the finite difference technique, allowing to evaluate both the axial displacement u(€)
and the axial force N(§). The details of the implementation may be found in Section
3.2.2. This allows to evaluate a posteriori the relative slips between adjacent CN'Ts
(Eq.s (3.2.8) and (3.2.9)) and the shear forces transmitted by the distributed springs.
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3.2 — Analytical evaluation of the shear forces in CNTF and numerical implementation

In Section 3.2.1, the results are analytically compared with the closed-form solution
obtained in [7] for the case of fiber composed by rigid CNTs. In the sequel, the influence
on the displacement field of the CNT length and offset is studied.

Results in terms of axial displacement and axial force

By numerically solving the delayed-advanced differential equation (3.1.4), it is pos-
sible to evaluate the displacement field u(¢) on the CNT. Consider, as a reference
example, a fiber composed of SW-CNTs with diameter d = 1 nm, and Young modulus
E = 10° MPa. The axial stiffness of the individual CNTs is, hence, EA = 1.068 10~°
N. According to [7], the stiffness of the shear springs’ connecting the adjacent CNTs
is assumed to be k = 0.1 MPa. For these parameters, Figure 3.6(a) shows the ar-
rangement of the reference (i, j, k)th CNT and of its neighboring ones, for CNT lenght
[ =2 pm and offset parameter ¢ = 0.2, in the undeformed (reference) configuration,
while Figure 3.6(b) shows CNTs arrangement and deformation due to a prescribed
macroscopic fiber deformation ¢ = 10%.

It may be noticed from Figure 3.6(b) that the CN'Ts not only move away from each
other, but also elongate. To clearly appreciate the extent of this deformation in the
figure, the representation of the CNTs with initial length (shown with light colors) is
superimposed on that of the actually deformed CNTs (shown with darker colors). The
axial strain €(§) = «/(§) in the (7, j, k)th CNT is plotted, with colorbar, on the same
figure. Notice that the CNT is not uniformly strained, i.e., £(§) is higher in the central
part of the CNT, while being null at its ends.

To investigate the influence on the CNT axial strain of the offset parameter 1,
now the case ¢ = 0.5 is considered. Figure 3.7 shows the arrangement of CNTs, with
[ =2 pm and ¥ = 0.5, before and after the deformation.

For the cases ¥ = 0.2 and ¢ = 0.5, Figure 3.8(a) shows the axial displacement
u(€) of the CNT (to avoid rigid body displacement, here u({)|¢—o = 0 has been set).
As expected, due to the symmetry of the considered problem, the displacement field
is anti-symmetric. Graph in Figure 3.8(b) records the axial force N(§) = EAu/'(§),
varying along the axial coordinate of the CNT. Figure 3.8(c) show the trend of the
total shear force t;:(€) (3.2.12) transmitted by the adjacent CNTs.

It may be observed that, for b = 0.2, t;,;(€) is approximately constant in region
A and C, while being almost nil in the central region B. Noticeably, this solution is
qualitatively very similar to that obtained by adopting the assumption of rigid CNTs
(see also Section 3.2.1). On the other hand, for ¢» = 0.5, the variation of the total
force t;,1(§) along the £ coordinate is more relevant than that recorded for ¢ = 0.2.

"Unfortunately, the scientific literature does not provide univoque values for the shear stiffness of
van der Waals bonding, that is highly dependent on several chemical and geometrical parameters, as,
for example, the CNT chirality [220, 221] and the spacing between adjacent CN'Ts [200]. Furthermore,
the shear stiffness of the bonding can be consistently increased by means of cross-links (see, among
the others, [53, 201, 222]). Hence, in order to compare the proposed analytical model with that of
[7], the same value k=0.1 MPa recorded in that paper is used.
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s MR —— | 0005

Figure 3.6. Case | = 2 pum, ¢ = 0.2. (a) Undeformed and (b) deformed configu-
ration of the (i, j, k)-th CNT and of its neighboring CNTs, on the (z,y) plane, with
plot of the axial strain () on the (4, j, k)-th CNT.
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Figure 3.7. Case [ = 2 pum, ¢ = 0.5. Deformed configuration of the (i, j, k)th
CNT and of its neighboring CNTs, on the (x,y) plane, with plot of the axial
strain €(&) on the (i, j,k)th CNT.

This indicates that the deformability of the individual CNTs plays a more important
role for high values of axial offset. It may also be noticed that, for ¢» = 0.5, N (&) takes
high values in the central region of the CNT, hence resulting in a high value of strain
in proximity of £ = 0.

To investigate the influence of the CNT length on its axial displacement field, now
a fiber composed by CNT 5 pm long is considered, while leaving unchanged the other
relevant parameters. Figures 3.9(a) and 3.9(b) show the arrangement of CNT5, for the
cases ¢ = 0.2 and ¢ = 0.5, respectively. For the same cases, Figure 3.10 shows the
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Figure 3.8. Case | = 2 um. (a) Axial displacement field u(&), (b) axial force
N(£), c) total shear force t1ot(§).

axial distribution of the axial displacement and of the axial force in each CNT, as well
as the total shear forces.

It may be noticed from Figure 3.9 that, in this case, the elongation of the individual
CNTs is consistently higher than that observed in Figures 3.6(b) and 3.7. Furthermore,
by comparing Figure 3.10 with its counterpart for CNTs 2 pym long (Figure 3.8), it
may be observed that, for longer CNTs, the (non-linear) variation of the total force
along the ¢ axis is much more relevant. Notice, in particular, that for the case ¢ = 0.5
the axial strain tends to localize in the neighbouring of the interface between the two
regions, i.e., at £ = 0. It may be verified that this phenomenon is even more relevant
for higher values of [ (graphs are not recorded here for the sake of brevity). This
is because, for very high CNT length (or, equivalently, for very low axial stiffness of
the CNTs, or for high stiffness of the distributed springs), the forces exerted by the
springs tend to concentrate at the interface between region A and C, tending to become
dipoles. Correspondingly, the axial force N (&) tends to become constant along &, with
a Dirac delta arising at £ = 0. Obviously, this kind of response cannot be captured by
the simpler model of [7].

The particular case of null axial offset (¢» = 0) corresponds to a configuration with
vertically stacked CNTs. As already observed in [7], in this case the fiber is under-
constrained and cannot bear axial loads, because the stacks can move independently
one another. Therefore, both the displacement and strain fields are nil, as well as the
forces transmitted by the (not-deformed) shear distributed springs.

For all the considered cases, the numerical model allows to evaluate the resultant
of the shear forces acting, on the (z,y) plane, on the lower part of the CNT (i.e., in
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Figure 3.9. Case | = 5 um. Deformed configuration of the (7,7, k)th CNT and of
its neighboring CNTs, on the (z,y) plane, with plot of the axial strain £(§) on the
(4,7, k)th CNT. Cases (a) ¢ = 0.2 and (b) ¢ = 0.5.
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Figure 3.10. Case | =5 pum. (a) Axial displacement field u(§), (b) axial force
N(&), c) total shear force t;5¢(£).
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the direction of decreasing y), and on its upper (direction of increasing y) part, i.e.,

l(1/2—1/))
Ty_ :/ 1] lk dé + /1/ B z+1,j—1,k(£) d§7

—1/2

(6—1/2) o
T :/ oy d / t dé | 3.2.21
ut s 1j+16(€) dE + p—1/2) +1k(§) dE ( )

Obviously, due to the symmetry of the problem, on the (z, z) plane the resultants
will be T,- = T}~ and T,+ = T,+. To satisfy the rotational equilibrium about the y
and z axes, all the resultants must be nil (so to not give rise to couples), i.e.,

T,-=T, =T+ =Tx =0. (3.2.22)

This obviously satisfies also the equilibrium in the axial direction. Condition

(3.2.22) has been numerically verified, confirming the accuracy of the obtained solu-

tion. Remarkably, this will be useful for the evaluation of the effective tensile stiffness
of the CNT Fiber, as it will be discussed in Section 3.3.2.

CNT relative elongation and strain energy

The results presented in the previous Subsection suggest that the axial strain of the
CNTs is higher for long CN'Ts, and for high values of axial offset. To deeply investigate
this phenomenon, consider the strain energy of the single CNTs, correspondent to the
energy "spent" to deform the individual CNTs, defined as

/ /
Eont = 5 /l i (&)u'(€) d¢ = EA i [/ ()] de . (3.2.23)

1/2 2 Jouye

In Figure 3.11(a), Eonr is plotted as a function of the offset parameter ¢, for dif-
ferent values of the CNT’s length (I = 2, 5, 7 pm). Obviously, the graph is symmetric,
because the case ¢ € [0.5,1] may be treated by considering, instead of ¢, the value
1 — 4. Obviously, for the stacked configuration (¢ = 0, 1), the strain energy is null.
Figure 3.11(b) is the counterpart of Figure 3.11(a), showing Ecnr as a function of [,
for different values of .

It is evident that the strain energy is strongly dependent upon the CNT length and
offset, being higher for long and highly coupled CNTs (i.e., for high values of ¥). Figure
3.11(b) highlights how the dependence of Eonr on the CNT length is superlinear.

Consider now the relative elongation of the individual CNTs, Al/l, that is strongly
dependent on their axial stiffness, and on the stiffness x of the distributed springs.
By defining a coefficient 5 := EA/k, the following non-dimensional quantity may be
defined

12
6(5,1,7)) : d d/ €) de, (3.2.24)

l/2
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Figure 3.11. Strain energy of the individual CNT (a) as a function of ¢, for different
values of [ and (b) as a function of [, for different values of .

correspondent to the ratio between the relative elongation of the individual CNTs and
the prescribed macroscopic deformation €, correspondent to the displacement of their
centroids along the fiber axis (independent of [ and 1, as discussed in Section 3.1.2).
It may be verified that, due to the linearity of the considered problem, ¢(f3,1,v) is
independent of €. It is expected to vary between 0 (when the CNTs are rigid and hence
Al = 0, and when they are stackered), and 1 (when the CNTs are very deformable with
respect to the shear springs, and hence all the prescribed deformation results in an
elongation of the individual CNTs). Indeed, in the latter case, the axial displacement
may be evaluated by requiring that the relative displacement of adjacent CNTs is null,
and turns out to be in the form u(§) = €€, hence providing Al = €l and, consequently,
o(B,1,¢) — 1. Hence, ¢(f,1,1) may be regarded as a "measure" of the relevance of
the two deformation mechanisms described at the beginning of Section 3.1. This will
be discussed more in detail in Section 3.3.3.

Figure 3.12(a) shows ¢(3,1,1) plotted as a function of the offset parameter v, for
the same values of [ considered in Figure 3.11(a). Figure 3.12(b) is the counterpart of
Figure 3.12(a), showing Al/l as a function of [, for different values of .

As expected from previous results, the relative elongation of the CNTs increases as
their length and offset increase. With reference to the two deformation mechanisms
described at the beginning of Section 3.1, this means that the stretch of the individual
CNTs becomes more relevant, with respect to the displacement of their centroids along
the fiber axis, for long and highly offset CNTs.

Notice that, for low values of [, the dependence on the offset parameter v is approx-
imately parabolic, while for higher values of [ it takes a more complicated dependence
on t. In particular, in the latter case, ¢(f3,[,) is almost constant for a wide range
of values of 1, taking lower values for 1) ~ 0.5. This is because, as discussed in Sec-
tion 3.2.3, in this case the strain tends to concentrate only in the central region of
the CNTs. It may be verified that this phenomenon is even more relevant for higher
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Figure 3.12. Non-dimensional function ¢(3,1,v) (a) as a function of 1, for different
values of [ and (b) as a function of [, for different values of .

values of [.

3.3 Effective tensile stiffness

The displacement field determined in Section 3.1 allows to evaluate the macroscopic
stiffness of the whole CNT Fiber. This may be done by considering the fiber as
an equivalent homogeneous beam, subjected to a macroscopic deformation e, whose
effective Young’s modulus E; can be defined as

Ny

B, =
f Af€7

(3.3.1)
where Ay is the cross-sectional area of the fiber, of arbitrary shape, while Ny is the
total axial force acting on the fiber itself, that may be evaluated as the sum of the
axial forces acting on the individual CNTs. To calculate Ny, it is important to proper
account for the CNTs distribution in the fiber cross-section.

In the sequel, first the simple case where the fiber may be considered as formed
by "bunches" composed by a integer number of CNTs is considered, for the sake of
explanation, and hence the more general case is treated.

3.3.1 Simple case

Consider first the simple case where 1) = 1/ny, being n, a natural number. Recall
that, as discussed in Section 3.1, the CNTs are assumed to be arranged in the fiber
cross-section according to a square matrix, allowing their distribution to be the same
on the (z,y) and (z, z) planes. Since the distribution of CNTs on each row/column
repeats periodically every n, CNT5, it is possible to identify "bunches" composed by n,,
CNTs on each row/column composing the fiber cross-section. Due to the periodicity,
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3 — A model for the effective tensile stiffness of CNTF

the bunches are equal one to each other, and repeat on each row/column (i.e., on both
the (x,y) and the (x, z) planes). This kind of subdivision is illustrated in Figure 3.13,
referring to a fiber® composed by CNTs offset in the axial direction of 1/5 of their
length (i.e., ©» = 0.2), where "bunches' of 5 CNTs may be identified on both the y and
z directions. In the following, for simplicity, reference is made to bunches lying on the

(x,y) plane.

arrangement

Figure 3.13. Section of the CNT Fiber: (a) 3D and (b) 2D view, and (c) detail of
the CNT bunch. Different colors indicate different axial position of the CNTs.

Due to the periodicity of the considered structure, each bunch carries the same
axial load, hereafter denoted to as NV,. This may be evaluated by sectioning the bunch

as shown in Figure 3.14, at a generic distance al, with a < 9, from the left end of the
first CNT.

y Pl
T—WC ol -]
h=1 N, | T
— |
‘ ¢ | led
| — |
h—nb ‘ <

Figure 3.14. Sectioning the bunch.

Notice that this correspond to section each CN'T composing the bunch at a different
coordinate £. Consequently, by numbering the CNTs composing the bunch with the
pedex h = 1...n; as in Figure 3.14, the axial force acting on the ~Ath CNT may be
evaluated as

Ny = N(g)|§:—%+al+(h—1)wl . (3.3.2)

8For the sake of example, without loss of generality, in Figure 3.13 a CNT Fiber with circular
cross-section is shown. However, the proposed approach can be used for any shape of the cross
section.
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3.3 — Effective tensile stifflness

Consequently, the normal force on the whole bunch is given by

Z N, = Z N (—é +al+ (h— 1)¢z> . (3.3.3)

h=1

It has been numerically verified that N, is independent of the parameter a. This is
a noteworthy result, confirming that, even if the axial force on the individual CNTs is
highly variable along their axis (see Figures 3.8 and 3.10), their resultant on the bunch
is uniform. Once N, is known, the total force acting on the fiber may be evaluated by
summing the contributions of all the bunches. Observing that the "area of competence"

of each bunch is
d2

Ay = nypd® = 7 (3.3.4)
and consequently the total force Ny may be evaluated as
_ Ay ¢Af
Ny =—=N, = Ny . 3.3.5

3.3.2 General case

The approach proposed in Section 3.3.1 can be used only if the bunch is composed by
an integer number n, = 1/1) of CNTs, while the case where 9 is a generic real number
may be treated in a more general way. To illustrate it, consider the CN'T bunch of
Figure 3.13, sectioned with o = 0, as shown in Figure 3.15(a). Consider also the cut
with "saw-toothed profile" indicated with dashed line in the same Figure, formed by
ny inclined cuts with slope —l/d.

Consider the equilibrium in the axial direction of the portion comprised between
these two "cuts', as shown in Figure 3.15(b). As schematized in the same Figure, on
the Lh.s. each CNT, of diameter d, is subjected to the axial forces N, (3.3.2), while
on the inclined cut the force & dn arise on the infinitesimal —dn. Furthermore, the
portion of bunch is also subJected to the shear forces® acting on the lower part of the
CNTs, correspondent to t; j_1 4(€) (in regions A and B) and t;41 ;-1 %(&) (in region C,
see also Figure 3.2(a)).

The equilibrium of this portion of the bunch may be evaluated in a very simple
way. Indeed, by "translating" each CN'T of ¥/ in the axial direction, as shown in Figure
3.16, it is evident that the inclined cut covers all the CNT length.

Recalling that the slope is —l/d, and hence —dn = % d¢, the axial equilibrium
of the portion of the bunch between the cuts reads

9Recall that, due to the periodicity of the problem, each CNT is subjected to the same action
configuration.
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Figure 3.15. (a) Cut with "saw-toothed profile"; (b) Equilibrium of the
portion between the cuts.
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Figure 3.16. (a) "Translating" each CNT of [ in the axial direction; (b) The inclined
cut covers all the CNT length.
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(3.3.6)
Observe now that the latter two terms of (3.3.6) correspond to the resultant of the
shear forces acting on the lower part of the CNT, i.e., T}~ of Eq. (3.2.21), that is nil
as per Eq. (3.2.22). This allows to evaluate the axial force on the bunch as

3 N, l/2 3.3.7
hz::l Tl / U2 (3:37)

Equation (3.3.7) may be regarded a generalization of Eq. (3.3.3), allowing to
evaluate the axial force N, acting on the bunch as the integral of the axial force N (&)
acting on the whole length of the constituent CNTs.

Remarkably, this expression can be used for arbitrary values of ¢». However, in this
case, unless 1/1 is an integer, it is obviously not possible to define a bunch composed
by an integer number of CN'Ts. Consequently, N, may be interpreted as the resulting
axial force on a fiber portion, lying on the (x,y) plane, of height d/¢ and "thickness'
d (in the z direction). Henceforth, its "area of competence' is again given by (3.3.4).
Consequently, the total force on the whole fiber may be evaluated with an expression
analogue to (3.3.5), i.e
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3.3 — Effective tensile stifflness

Ap qif2
Ne=15 ), N(&) d¢ (3.3.8)

while the effective Young’s modulus of the fiber (3.3.1) may be evaluated as

1 /2 N () d

= — : 3.3.9

I dd? /1/2 (£) dg ( )

This confirms that, as expected, the effective Young’s modulus is independent on

size and shape of the fiber cross-section, being dependent only on the geometrical and
mechanical properties of the constituent CNTs, and on their lateral bond.

3.3.3 Results and comparisons

Once the axial strain and the axial load on the individual CNTs has been numerically
evaluated as detailed in Section 3.1, the effective Young’s modulus of the fiber can
be calculated by means of Eq. (3.3.9). Here, the obtained results are compared with
those obtained by using the simplified model of [7], assuming rigid CNTs, as well as
with experimental data from literature.

Influence of mechanical and geometric parameters

To evaluate the influence of the diverse geometric and mechanical parameters, observe
that, by recalling that [*7, N(€) d& = EA ['7,/(€) d€ = EAAL Eq. (3.3.9) may be

rearranged as

Kf
Ep=—5 ¢(B,1,9). (3.3.10)
where, again, § = F'A/k, and the non-dimensional function ¢(,[,) is given by Eq.
(3.2.24). It may be verified that the fiber axial modulus is intermediate between the
following limits:

o when the CNTs are rigid (FA — o0), f — oo and ¢(8,1,%) — 0. In this case,
it may be verified that

2

B60,10) WA -0 = Jm By =owp(l-v) . (331)

ﬁ )

that coincides with the expression recorded in [7]. The details of the calculation
are recorded in Section 3.2.1.

o when the shear springs are rigid, i.e., kK — oo, f — 0. In this case, as discussed
in section 3.2.3, ¢(5,1,%) — 1 and

. EA
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3 — A model for the effective tensile stiffness of CNTF

Notice that, since the quantity A/d? is the ratio between the CN'Ts cross sectional
area and its "area of competence" in the cross-section of the fiber, the effective

fiber stiffness simply corresponds to the sum of the axial stiffness of the (fully
coupled) individual CNTs.

In Figure 3.17, the non-dimensional function ¢(f,[,v) is plotted, as a function of
B, for different values of ¢). The different graphs correspond to different CNT length.
It is evident that ¢(f3,1,v) — 1 for low values of 3, also dependently on the values

10°

¢(@l,¢)

Figure 3.17. Evaluation of ¢(f,[,), as a function of § = EA/k, for different values
of ¢, for CNT length of (a) 2 pm, (b) 5 pm and (c¢) 7 pm.

of ¢ and [. As expected, the ratio between the axial stiffness FA of the individual
CNTs, and the stiffness k of the distributed springs, plays a definite role on the fiber
response. When the CN'Ts are bonded by means of cross-link, £ may be evaluated as
a function of the cross-link density [53, 201]. Remarkably, graphs in Figure 3.17 may
represent a practical tool to evaluate the effective stiffness of CN'T Fibers. Indeed, if
the geometric (I,1)) and mechanical (E, A, k) parameters are known, these allow to
evaluate the non-dimensional function ¢(3,1,1) and, consequently, E; through Eq.
(3.3.10).
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3.3 — Effective tensile stifflness

Comparison with the results obtained for the case of rigid CNTs

Here, the effective Young’s modulus (3.3.9) is numerically evaluated for CNT Fiber
with the same geometric and mechanical parameters considered in Section 3.2.3, i.e.,
d=1nm, s =0.34 nm, £ = 10° MPa, x = 0.1 MPa, and variable [ and 7. According
to Eq. (3.3.9), the size of the fiber cross-section does not affect its effective modulus.

Figure 3.18(a) shows the effective Young’s modulus Ey (plotted with thick black
lines), on a logarithmic scale, as a function of the CNT length [. The different curves
correspond to different values of the offset parameter . To highlight the influence on
the overall tensile response of the compliance of the CNTs, the results are compared
with those obtained by by assuming, as done in [7], the constituent CNTs to be rigid
(3.3.11) (thin red curves).

—_—=0.01 | - ~o
- = =9=0.05 /’/ = = =[=5 pum N,

Figure 3.18. Effective Young’s modulus £y of the CNT Fiber (a) as a function of [,
for different ¢, and (b) as a function of v, for different I: proposed model (thick black
curves) and model by [7] (thin red curves).

As expected, when the offset parameter ¢ increases, the coupling between the
different CN'Ts increases, so providing an increase of macroscopic stiffness of the CNT
Fiber.

Notice that the model [7] provides an effective modulus directly proportional to the
square of the length of the constituent CNTs; according to Eq. (3.3.11), so resulting in
straight curves on the logarithmic plane. As may be noticed from Figure 3.18(a), for
low values of [, the proposed model provides results that in practice coincide with those
of [7]. This is because, when the constituent CNTs are "short', their strain is very low
(see also plot in Figure 3.12(b)) and it does not affect the macroscopic stiffness. When
[ increases, the contribution of the deformability of the individual CNTs becomes more
relevant, leading to a decrease of the overall axial stiffness of the fiber, with respect to
that predicted by the model [7]. This results in a decrease of the slope of the curves
in Figure 3.18(a), that is more relevant for high values of the offset parameter .

It can also be verified that, for very high values of the length [ of the CNTs
(dependently on the offset parameter, of the order of 10-20 pym, a value that cannot be
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3 — A model for the effective tensile stiffness of CNTF

obtained with the current technology), E settles to a constant value, independent on
1. This means that when the CNTs are very long, they are "well coupled" because of
their length, regardless of the offset, which becomes irrelevant under these conditions.
This behavior is qualitatively similar to that observed [7] for the bending response of
CNT Fibers.

Figure 3.18(b) shows the effective Young’s modulus E of the CNT Fiber, plotted
as a function of the offset parameter v, for various lengths [ of the CN'Ts composing the
fiber. Again, also the result obtained by assuming rigid CN'Ts are plotted for the sake
of comparison. When CNTs are rigid, Eq. (3.3.11) provides a quadratic dependence
of Ef on the offset parameter, with Ey = 0 for ¢y = 0,1 (configuration with stacked
CNTs). The proposed model (Eq. (3.3.9)) provides a qualitatively different trend of
E;: the stiffness is still null for ¢ = 0,1, but the middle part of the graph is more
"flattened"’. This behavior suggests that also values of i quite distant from 0.5 are
sufficient to impart to the fiber an high coupling. This phenomenon is more marked
for high values of [, confirming the conclusions drawn from Figure 3.18(a).

It may be noticed that, since E; is proportional to fi/l% N(&) d¢, it has the same
qualitative dependence on v and [ of the function ¢(f,1, 1) plotted in Figure 3.12(a).
In particular, for higher values of I, £, has a slight decrease for ¢» = 0.5. This is
because, as discussed in Section 3.2.3, for b = 0.5 the central region of the CNT is
ovestrained, so resulting in a decrease of the effective stiffness.

Comparison with experimental results

The obtained results are now compared with those recorded in the technical literature.
Usually, experimental papers report measures of the effective axial stiffness of CNT
Fibers, sometimes indicating the (mean) values of d and [, but with no consideration of
the offset parameter 1. Indeed, real fibers are composed of CN'Ts with different lengths,
randomly aggregated. The proposed model interprets this random phenomenon by the
parameter ¢, which can be varied to obtain a range of values for the effective Young’s
modulus, within which the experimental results should fall.

In the sequel, reference is made to the accurate experimental results recorded in
[125]. These refer to tensile tests, performed with a rheometer, on 3 cm long fibers,
with circular cross-section of diameter 10 pm, composed of SW-CNTs with d ~1.5 nm
and different values of (mean) length [, i.e., 2.21 ym, 4.17 pm and 6.28 pum. Results
presented in the sequel have been evaluated by considering a shear stiffness'? of the
lateral bonding x = 0.1 Mpa, and a thickness of the graphite layer s = 0.34 nm.
Figure 3.19 shows the comparison between the effective modulus Ey (3.3.9) and the
experimental results recorded in [125].

The proposed model seems to correctly capture not only the order of magnitude of
the experimental results (the experimental data fall within the band of values provided

10 Again, since no precise data on the shear stiffness of the bonding are available, the value for &
recorded in [7] is here considered.
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Figure 3.19. Effective Young’s modulus Ey of the CNT Fiber as a function of /, for
different ): comparison among the proposed model and experimental data from [125].

by the proposed model), but also the decrease in the curve slope for increasing CNTs
length. It may be noticed that, for 2.21 ym and 4.17 pum long CNTs, the offset
parameter is near to 0.2, while it decreases with increasing length. As observed in [7],
this theoretical prediction may be justified by the particular production process [54],
in which long CNTs, having a limited mobility with respect to short CNTs, may tend
to gather in bunches. It may be easily verified, by comparing Figure 3.19 with Figure
3.18(a), that the proposed model provides a better fit of the experimental data, with
respect to the model assuming rigid CNTs [7], in particular for high values of [. This
confirms that, when CNTs are "long", their axial strain becomes more relevant, and to
neglect it leads to an underestimation of the macroscopic stiffness of the fiber.

3.4 Discussion

The chapter presents an analytical-numerical micromechanical model for the evalu-
ation of the tensile stiffness of Carbon NanoTube (CNT) Fibers, accounting for the
coupling occurring on their lateral surfaces, thanks to Van der Waals forces and to
cross-links. CNTs are modeled as bars with a given axial compliance, a factor ne-
glected in most models previously proposed by the literature. The proposed model
is based on the consideration that, due to the periodicity of the considered geometry,
the same loading state is defined on each CN'T composing the fiber, hence resulting
in the same axial strain/stress field. It is demonstrated that these are governed by
a delayed-advanced differential equation, here solved with finite difference technique.
An analytical procedure has been presented to evaluate the resultant, on the whole
fiber, of the axial forces on the individual CNTs, allowing to define the macroscopic
(effective) stiffness of the fiber. It is demonstrated that this increases with the length
of the CNTs and their axial offset, reaching its highest values when the latter is near
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3 — A model for the effective tensile stiffness of CNTF

to the half of the CNTs length. Graphs allowing to evaluate the effective stiffness of
CNT Fibers, as a function of geometric and mechanical parameters, are recorded.

The obtained results are in good agreement with the literature experimental data
[125]. The accuracy of the model is found to be higher than that obtained by neglecting
the axial compliance of the CNTs [7]. Thus, this represents an important step forward
in the study of CNT Fibers response, of particular importance in view of their use
to produce cables for large-scale structural purposes. In particular, as technology
is moving toward the production of longer CNTs, it is of particular importance to
correctly account for the CNTs compliance. Further developments can consider more
complex arrangements of CN'Ts, and the non-linear response of the connection between
adjacent CNTs. With minor modifications, the proposed model could be suitable
for the description of other structures composed of aligned nano-components, as for
example boron nitride NTs [223].

The results of this work were summarized in [128].
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Chapter 4

Geometry and mechanics of twisted

yarns: an experimental rubber
model for the study of CNTFs

Propaedeutical to a better understanding of the mechanics of CNTF yarns an more in
general cables, with potential applications in material science and biology, tensile tests
were performed on two-ply yarns made of rubber rods, manufactured by transforming
the twist on two adjacent straight rods into tortuosity for the resulting double-helix
shape.

4.1 Background on twisted rods

The mechanics of ropes subjected to tensile loads, and in particular the simplest case
of two-ply yarns, has been the subject of numerous studies [224] and it is today consid-
ered a well consolidated topic [225]. Structural theories mainly focus on macroscopic
applications, such as steel strands and hemp/nylon ropes. Apparently little attention
has been paid to possible eigenstress states that can be present already in the reference
configuration, when no tensile loads are applied, because they are not important for
such applications. In steel cables, e.g., plastic deformation can annihilate the internal
forces that are generated when the initially-straight wires are bent and twisted to form
the cable. The eigenstress can be eliminated after manufacturing by heat treatment
in metals, and mitigated by viscosity in materials such as nylon or plastics. Supported
by an experimental campaign on two-ply yarns made up of hyperelastic rubber rods, it
is experimentally and theoretically investigated the possible states of eigenstress that
can occur in the constituent filaments, supposedly elastic and straight in the undis-
torted natural configuration, when these are helically wound around one another. How
such eigenstress states can influence the gross tensile response of the yarn is shown,
especially when the winding is very tight.

In helically wound structures, often encountered in engineering and biology, eigen-
stress states may potentially give rise to unexpected effects, due to the interaction
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with peculiar material properties and size effects. In recent years there has been
growing interest in high-performance ultra-thin braids and yarns manufactured with
CNTFs [6] that can be weaved and braided. CNT-Fiber yarns can be analyzed as
classical helical-wire cables [226], but residual stresses cannot be removed by plas-
ticity or annealing treatments, as for steel, and should not be neglected, at least in
principle, when modeling their tensile response. In biology, the most studied struc-
ture is certainly represented by DNA, characterized by a double-helix architecture
made with two phosphate-sugar chains [227]. Even if the shape of DNA, as well as
that of other coiled biological macromolecules, is governed by complex mechanical and
electro-chemical interactions, starting from the seminal work by Coleman and Swigon
[228], many authors [228-236] have successfully contributed to explain the mechanism
of formation of the helices by using Kirchhoft’s theory of rods. This mechanism might
be affected as well by the presence of an eigenstress state.

In the reference balanced configuration, in absence of external applied loads, the
two threads (filaments) forming a two-ply yarn are mutually wound one another, form-
ing a double helix of defined radius and pitch. The manufacturing process providing
this configuration consists in transforming the artfully imposed twist on the straight
threads into tortuosity for the helix: it can be obtained [230, 237] by first pre-twisting
the two threads, placing them in longitudinal contact and releasing them, while con-
straining the relative rotation of their ends. It is energetically favorable to transform
the pre-twist into tortuosity, causing each thread to become a helix thanks to the sym-
metry of the longitudinal contact with the neighboring thread. The tensile response
of the yarn, starting from this configuration, can be studied by assuming that each
thread is a Kirchhoff rod: if the wound threads are pulled, they will arrange them-
selves according to a new double helix, with radius and pitch compatible with the
new deformed state. From the constitutive relations, it is then possible to find the
internal forces in each thread and, consequently, evaluate their resultant at the ends,
which balances the applied external forces. In many cases, the bending and torsional
stiffness of each thread is so small that it can be neglected compared to the extensional
contribution [120], an assumption which provides noteworthy simplifications.

The goal is to better understand the mechanics of twisted yarns, with particular
attention at the effects of possible eigenstress states on their gross tensile properties.
However, using extremely thin threads for the yarn would make experimental observa-
tion difficult. This is why an experimental campaign was carried out for two-ply yarns
made of Nitrile Butadiene Rubber (NBR). This is a synthetic rubber [238] derived from
acrylonitrile and butadiene, used in the automotive, aeronautical and nuclear industry
to make fuel and oil handling hoses, grommets, seals and gaskets. For short duration
loads the material can be approximately considered hyperelastic, with elongation at
fracture of the order of 600%. The yarns were made of two helically wound NBR
rods with circular cross-section with undistorted diameter of 5mm. Samples of yarns
formed by helices with various pitch were manufactured with the procedure mentioned
above and their tensile response successively measured.

Although the structure is very simple and its theoretical modeling well established,
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a very poor agreement between the theoretical predictions and the test results was
found, the discrepancy being the more evident the closer the slope of the helices was
to the angle /4 (closely packed rods).

This discrepancy between theory and experiments represented the motivation for
this research.

By examining the distorted yarns, particularly through measurements of the rubber
rod diameter variation and the twist, it was observed that they experienced significant
internal stresses even in the nominally balanced reference configuration, despite the
absence of any external load.

Many studies such as [239, 240], to mentioned but a few, have considered cables
formed by n—ply yarns and determined the internal actions in the constituting fil-
aments. Renewed interest for the mechanics of twisted rods was motivated by the
modeling of DNA and protein-protein interactions. The mechanism of formation of
two-ply yarns from pre-twisted rods was carefully analyzed in [230]. A comprehensive
theory of equilibria for two elastic rods, winding around each other and in continuous
contact, was presented in [235]. The elastic effects on coiled coils were analyzed in
[232]. Instabilities and self-contact phenomena were experimentally and theoretically
discussed in [241]. Credit for a systematic analysis, which clearly evidenced the eigen-
stress state in uniform balanced n-ply yarns made of elastic Kirchhoff rods, has to be
given to Neukirch and van der Heijden [237]. However, the specific effect of the eigen-
stress state on the tensile properties of the ply does not appear to have been sufficiently
appreciated, probably because it was not essential for applications in biology, for which
the main interest is in the formation of the double-helical structure, rather than for
the load-bearing capacity. Here, it is demonstrated, through theory and experiments,
that this eigenstress state has noteworthy effects on the tensile stiffness the yarn and,
hence, on the failure load. This is of paramount importance for structural rods and
cables, typically designed to withstand high tensile loads. Nevertheless, although the
interest here is not specifically in biology (DNA, proteins) but in engineering struc-
tures (ropes, cables), the conclusions of this work, corroborated by the experimental
evidence, may potentially find an application, yet to be investigated, in the vast field
of biological macro-molecules.

The state of eigenstress in each rod of the yarn, represented by bending and twisting
moments as well as by tensile and shear forces, is here characterized through simple
balance equations, independently of the constitutive properties of the material, by
considering the equilibrium of segments of various shapes. In general, the axial force
and bending moments are small, whereas the twist is dominant. Its value can be easily
evaluated, because it depends only on the geometry of the double helix appearing in the
equilibrium equations, which can be directly observed and measured in the prototyped
yarns. Assuming, in a successive step, the constitutive equations for a Kirchhoff rod,
it is demonstrated that the residual twist is also related to the ratio between torsional
and bending stiffnesses, which can approach a finite value even when both numerator
and denominator are very small. Remarkably, direct tensile tests on highly-twisted
straight rods demonstrated that the axial stiffness can be highly increased with respect
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to an un-twisted rod. This effect is captured by non-linear elasticity theory, assuming
a standard form of the strain energy compatible with the molecular theory of rubber
[242-244).

The major contribution of this work is the following. Only by considering the
stiffening effect from the twist, already present in the reference configuration, one
can find an excellent agreement with the results of tensile experiments on the yarn,
whatever the slope of the double helix is. In other words a standard model where
the threads are Kichhoff rods is accurate, only if their axial stiffness is corrected by
the amount due to the twist, already present in the balanced reference configuration.
Evidence is given to the crucial role of the twist-stretch coupling by means of precision
tensile experiments on a large sample of macroscopic yarns with different slope angles,
by finding an excellent agreement with theory. The measurements also evidenced
that, if the constitutive equations are assumed as for a Kirchhoff rod, the torsional to
bending stiffness ratio shall remain constant whatever the helix slope angle, although
this constant is slightly different from what expected from linear theory of rods with
circular cross-section.

4.2 Theoretical preliminaries

Classical Kirchhoft’s theory is now applied to model the tensile response of two-ply
yarns made with elastic rods, with emphasis on the manufacturing process and the
classification of possible states of eigenstress. Although there have been substantial
developments [245], even in recent years [230, 237], the derivation of this work is
distinguishable because based on pure equilibrium considerations. It will be followed
the approach originally proposed by Love in the first edition [246] of his classical
Treatise on the Mathematical Theory of Elasticity for its insightful appeal, although
Love’s notation from the fourth edition of the treatise [247] will be borrowed, because
it is considered simpler.

4.2.1 Kinematics of stretched, bent and twisted rods

Consider a rod, straight and prismatic in the initial undistorted state. A local right-
handed material frame {x, y, 2z}, with corresponding unit vectors {e,, e,, e }, is defined
at each point P of the centerline, such that e, and e, identify the principal axes of
inertia of the rod cross-section, whereas e, follows the axis of the rod centerline. An
abscissa s along the axis of the rod is introduced, increasing in the same direction of
e.. In the deformed state, represented in Figure 4.1(a), e, will become tangent to the
tortuous curve described by the centerline of the rod, whereas e, and e, will remain
aligned with the principal flexure planes. The (infinitesimal) length ds between any
two neighboring points P and P’ on the rod centerline becomes ds = (1+¢,) ds, being
¢, the axial strain of the rod at P. However, when the rods are only mildly-stretched,
the engineering approximation ds ~ ds can be made.
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Figure 4.1. Schematic representation of the deformed rod: (a) material frame
{z,y,2} and corresponding components of external forces (¢, gy, ¢-) and couples
(mg, my, m;) per unit length; (b) components of internal forces (T', N, N,) and cou-
ples (H, G, Gy), referred to the material frame at point P; (c) Frenet frame {n,b,t}
and corresponding components of external forces (¢n, ¢, ¢:) and couples (my, my,
my) per unit length; (d) components of internal forces (7', N,, N) and couples (H,
Gy, Gp) in the Frenet frame.

It is useful to consider also the right-handed Frenet frame {n,b,t}, indicated in
Figure 4.1(c), with corresponding versors e,, along the normal, e, along the binormal,
and e; along the tangent to the curve identified by the deformed centerline of the rod.
Clearly e; coincides with e,.

Name 9,, 69,, 0V, the rotations along the axes x, y, z, respectively, that make
the versors of the material frame at P to be aligned to the corresponding versors at P’.
With respect to the material frame {z,y, z}, bending and twisting is characterized by
[246, 248] the components of curvature x = 09,/ds and A = 09, /ds, and by the twist
7 = 0v,/ds. In the Frenet frame {n,b,t}, the n —t plane coincides with the osculating
plane: the rod is bent in this plane, with principal curvature 1/p. Obviously, one has

1
; =V /ﬁ]2 + )\2 . (421)

On the other hand, the rotation of the Frenet frame about the axis t over the length
ds defines the tortuosity 1/%. This is the Frenet torsion, which only depends on the
shape of the curve.

An expression of paramount importance is the correlation between twist and tor-
tuosity ([247], Art. 253)
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(1)

. |

()

Figure 4.2. Simple unbending of a two-ply yarn: (a) double helix initial configuration
of the yarn; (b) straightening of the rod, preventing the rotation of the upper ends;
(c) final configuration of straight and twisted rods.

df 1
T=13 + Sk (4.2.2)
where %ﬂ' — f is the angle that, in the strained state, the x — 2z plane makes with
the normal n at point P. From vectorial composition of curvatures [247], one can
demonstrate that f = tan™!'(—\/k).

Love [246] provides an insightful interpretation of f. If the tortuous deformed
centerline of the rod were simply unbent, by turning each portion ds through the angle
of contingence in the osculating plane, and each osculating plane through the (Frenet)
angle of torsion about the tangent, the rod would be found twisted, with twist rate
equal to 79 = df/ds. In rough terms, it may be added that 7y represents the amount
of twist of the rod that “sums up” with the Frenet torsion. While the Frenet torsion
can be evaluated by observing the deformed centerline only, because it is dictated by
the geometry of the curve, the evaluation of 7y requires measuring the distortion of
the material that forms the rod.

An example may be useful. Consider the two-ply yarn of Figure 4.2(a), made

up of two initially-straight cylindrical rods wrapped in a double helix. The two rods
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can be unbent by pulling apart their upper ends while preventing their rotation, as
shown in Figure 4.2(b). Observe that the blue clamp at the bottom is free to rotate,
but constrains the relative rotation of the lower ends of the rods. This procedure
corresponds to the simple unbending, in the meaning by Love [246]. In fact, the
applied forces straighten the curve, by turning each portion of the rod through the
angle of contingence in the osculating plane, whereas by constraining the relative
rotation of the rod ends only the Frenet torsion is annihilated (each osculating plane
is turned through the angle of torsion about the tangent). Once the two rods have
been unwrapped, as per Figure 4.2(c), one observes the residual twist 79. Therefore,
the twist 7 in the curved state of the rod can be obtained from Eq. (4.2.2), since the
tortuosity 1/¥ is calculated from differential geometry.

4.2.2 Equilibrium equations

Following as much as possible Love’s notation [247], the rod in the deformed state is
subjected to internal forces equipollent, at each cross-section, to the torsion moment
H, the bending moment G, the tensile force T" and the shear force IN. FExternal
forces per unit length g and the external couples per unit length m are also applied
along the rod centerline. Body forces of special type, such as those due to mass or
electro-magmatic attraction [249] are not considered. The force/moment components
can be expressed either in the material frame {x,y, z}, as indicated in Figure 4.1(b),
or in the Frenet frame {n,b,t}, as per Figure 4.1(d), i.e.,

H=He,=He,, (4.2.3a)
G=G,e, +Gye, =G e, +Gyey, (4.2.3b)
T=Te.,=Te;, (4.2.3¢)
N =N,e,+Ny,e, =N, e, + N,e;, (4.2.3d)
d=Ges+quey+q.e.=q e, +qge,+qe, (4.2.3e)
m=mgye, +mye,+m,e, =my,e, +mye,+me,. (4.2.3f)

For a prismatic rod whose centerline is held deformed into a tortuous curve, the
equilibrium equations in the material frame {z,y, 2}, read [247]
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dé? ~N,7+TA+¢, =0, (4.2.4a)
dd]:fy —Tk+ Ny +¢q, =0, (4.2.4b)
‘g — N, A+ Ny+¢q. =0, (4.2.4c)
ddix — Gyr+HX— Ny +m, =0, (4.2.4d)
ddC?—H/Q—FGxT—i-Nx—me:O, (4.2.4e)
C}g — G A+ Gy +m, =0. (4.2.4f)

For this analysis, it is convenient to use the Frenet frame {n,b,t}. Following the
same argument of [246], Art. 234, one can write

dé\;n—Nb;—f-T;-f-qn:O, (4.2.5a)
de;_fb LN, ; I (4.2.5b)
(217; N, ; P (4.2.5¢)
d(f;_cb;+H;—Nb+mn=0, (4.2.5)
(ﬁbJan;Janerb:O, (4.2.5¢)
(ig G, ; F— (4.2.5)

It can be demonstrated [120, 237] that, when pre-twisted rods are in bilateral
contact with a frictionless cylinder of given radius, the configurations corresponding
to energy minimizers are helices of constant radius, say r, and constant pitch, say
27r tan . The two-ply yarn of Figure 4.3(a) represents a particular case of the cylinder
degenerating into a straight line.

For any given helix of radius r and slope angle a, one finds from differential geom-
etry that the tortuosity is given by [250]

1 sin & cos «
-_= —— 4.2.6
o= meee (4:2.6)

while the principal bending curvature is
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Figure 4.3. Schematic representation of a two-ply yarn in the (a) reference state,
with no applied external end forces or moments and (b) the stretched state, after the
application of end forces and moments. The hypotenuse of the triangle aside indicates
the centerline of the rod on the cylinder containing the helix, after that is has been
cut along a generatrix and made flat.

1 cos’a

- = , (4.2.7)

p r
Observe that the only possible equilibrium states compatible with the symmetry of
the problem require [246, 250] that the twist rate 7 is constant. Since the tortuosity is
also constant, it follows that df/ds is constant as well. An experimental verification

of this result is detailed in the Appendix 4.4.4.

4.2.3 Eigenstress states in a two-ply yarn

The presence of eigenstress states in uniform balanced n-ply yarns was theoretically
demonstrated in [237]. The derivation of this work are recorded here because it is pur-
sued exclusively with balance laws, independently of the constitutive material proper-
ties, by considering particular subdivisions of the body that isolate segments of various
shapes.

Consider the two-ply yarn whose reference configuration, when no external forces
or moments are applied, is schematically represented in Figure 4.3(a). It is made
of elastic rods with circular cross-section of radius R, straight and prismatic in the
undistorted state, which have been twisted and bent to form a double helix. Figure
4.4(a) represents a segment of the two-ply yarn, obtained with two slicing planes
parallel one another and orthogonal to the axis of the yarn, indicated with a dash-dot
line in Figure 4.3(a). Although no external action is applied, the rods are bent and
twisted and remain in equilibrium: there shall be a state of eigenstress in the yarn.
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Figure 4.4. Schematic representation of a segment of the two-ply yarn in the
reference state (no applied external forces or moments), obtained with two
parallel slicing planes, orthogonal to the yarn axis. (a) Self-equilibrated internal
actions in the coupled rods; (b) free-body diagram of one rod, with indication
of the compression contact forces.

In the Frenet reference frame {n,b,t}, the internal actions are represented by the
forces (T', N,,, N,) and the couples (H, G, G}), as per Figure 4.1(d). Such actions
shall provide zero resultant and zero moment resultant on each one of the two faces
of the segment. Observe that G,, = 0 since the cross-section is circular and that
N,, = 0 thanks to geometric symmetry. Exploiting again the geometric symmetry of
the problem, the only possibility is represented by the free-body-diagram of Figure
4.4(a), where the moments My are parallel to the yarn axis and the moments Mp
are orthogonal to the helix radius and at right angle with the yarn axis. Equilibrium
requires that the couple formed by the two forces F', again orthogonal to the helix
radius and at right angle with the yarn axis, annihilates the effects of the two moments
M. If @ denotes the helix angle, supposing that the radius R is much smaller than
the length of the yarn, one can write

Mp = —Hcosa+ Gysina, (4.2.8a)
Mp=—Hsina — Gycosa. (4.2.8b)

Moreover, equilibrium requires

Tsina+ Nycosa =0, (4.2.9a)

Tcosa — Nysina = F = ]\fT . (4.2.9b)

If one consider the equilibrium of one single rod, as indicated in Figure 4.4(b), the
contact forces with the neighboring rod have to be added. These can be schematized
as a force per unit length ¢,, orthogonal to the yarn axis and passing through it. In
fact, from geometric symmetry one has g, = ¢; = 0 and my = m; = 0. In principle, one
could have m,, # 0, but this contribution would be associated with internal contact
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Figure 4.5. Contact zone between the two rods forming the yarn: (a) ruled thin strip
(ribbon) defined by the flattened zone due to Hertzian contact; (b) limit case in which
the strip reduces to a line coinciding with the yarn axis.

micro-couples. It is expected that the effect of Hertzian contact would be that of
flattening the contact region between the rods, as indicated in [251]. However, thanks
to symmetry, it was deduced that the contact region takes the shape of a ruled thin
strip, swept by a segment of line passing through the yarn axis and orthogonal to it,
translating and rotating with the same pitch of the helix. This is the ribbon surface
shown in Figure 4.5(a). The micro-couples m,, shall be associated with the inter-rod
adhesion/frictional forces, with a lever arm of the same order of the width of the
contact strip, but, unless an unrealistically high friction coefficient is considered, this
effect is found to be negligible. Hence, the analysis refers directly to the limiting
condition in which the contact surface reduces to a line, coinciding with the yarn axis,
as shown in Figure 4.5(b): this implies that m,, = 0. In conclusion, the equilibrium
equations provide

n = ——cCosa = ——2T cos . (4.2.10)
r r

Combining Eqgs. (4.2.8), (4.2.9) and (4.2.10), one can express the non-null internal
actions in the yarn as a function of the torsion H, in the form

Gy = —g(tana — cot a) : (4.2.11a)

po _fcota (4.2.11D)
ro 2

Ny = g , (4.2.11c¢)

gn = gco;a (4.2.11d)

which verify all the equilibrium equations (4.2.5). These expressions characterize all
possible states of eigenstress in the reference configuration.
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Observe that Eqgs. (4.2.11) come from pure equilibrium laws and no hypothesis
is made about the constitutive equations of the material. However, it was implicitly
assumed that the rod is homogeneous: since the principal curvature, the tortuosity and
the twist are constant in value along the rod, in order to respect the helical symmetry,
also the corresponding internal actions shall enjoy the same property.

Further conclusions can be reached by introducing the constitutive equations for
an elastic Kirchhoff rod. The twist moment can be written as the product between
the torsional stiffness A and the twist angle per unit length 7, that is H = AT; the
bending moment is G, = B/p = Bcos?a/r, where B is the bending stiffness and
1/p = cos? a/r the bending curvature. Hence, from Eq. (4.2.11a), one obtains

B _ _7Ttama—cota o (4.2.12)

A 2 cos? o

This result recovers formula (42) of [237], and provides a non-linear relationship of
paramount importance between the twist rate 7 and the helix slope angle a.

In words, a state of eingenstress exists in the rods, characterized by a twist angle
per unit length 7 which is uniquely determined by the helix angle «, according to Eq.
(4.2.12). It should be observed that such an eigenstress is determined by the ratio
B/A between the bending and the torsional stiffness of the rod. Although in most
cases both B and A are so small to be considered negligible quantities, their ratio may
achieve a significant value.

From Eq. (4.2.11a), two limit conditions can be identified. The first one corre-
sponds to a — /2, for which (tana — cot a) — +o0, while G, = 0, since the rod
is straight. The only possible eigenstress in a pair of (parallel) rods is that in which
H =0.

The second limit case is for « — 7/4%. Now, (tana — cota) — 07, and G, # 0,
because the rod forms a tortuous curve. Hence, in order to have a finite value of Gy, it
is necessary that H — —oo. This suggests that helix angles approaching 7/4 are not
physically attainable, because this would require an infinite twist for any finite value
of the rod bending stiffness.

The condition @ = 7/4 is not only a limit case from equilibrium, but it also
results from pure geometry, as already mentioned in [237]. To demonstrate, consider
a cross-section of the yarn, obtained with a slicing plane orthogonal to the yarn axis.
With respect to a two-dimensional reference frame {£,n}, coinciding with the axes of
geometric symmetry of the cross-section, the parametric representation of the contours
of the rod is provided by
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(a)

¢ (mm)
(c)
Figure 4.6. Section of the two-ply yarn, obtained with a slicing plane or-

thogonal to the yarn axis, for varying helix angle and R = r = 2.5 mm: (a)
a =55° (b) a =45° and (c) o = 35°.

=r+R im Rsinf
5 <T oS 9) COS (j — SlCOSOé)
n 2 e (4.2.13a)
+ Rsin0si . (jﬂ Rsin@cosa)
S1 ginasin (2= - =277
2 rtan o ’
=(r+ T Rsind
n = (r + Rcosf)sin (‘72 — 81cosa>
R (4.2.13b)

) _ jm  Rsinfcosa
— Rsin @ sin a cos ( — > ,
2 rtan o

where 6 € [0,27] is the parameter of the representation, R the radius of the rod and
r the radius of the helix, whereas j = 1 or j = 3 identify one or the other rod of the
couple.

The curves (4.2.13) are plotted in Figure 4.6 for three different values of the helix
angle « and R = r = 2.5mm. Observe that, as the helix angle « is reduced, the
concavity at the contact point (§ = 7) changes its sign. At a = 55° the contour of both
rods is convex, as shown in Figure 4.6(a), but at @ = 35° both rods have a concave
contour, as per Figure 4.6(c). In the latter case, the cross-sections would partially
overlap, with unrealistic material interpenetrations. The limit condition corresponds
to a = 45°, for which curvature of the profiles at the contact point is null, as indicated
in Figure 4.6(b). In fact, one has

0%n 2
—_— =1—-—— 4.2.14
002 |9—180° 1+ tan® o’ ( )

which is zero for a = 45°.

83



4 — Geometry and mechanics of twisted yarns: an experimental rubber model for the study of CNTFs

4.2.4 Tensile response of a two-ply yarn

The contribution to the strain energy provided by the axial stiffness of the constituent
rods is usually dominant with respect to that associated with the bending and torsional
stiffness, as for the case at hand, in which the rods are made of rubber. Consequently,
only the tensile properties of the constituent rods may be taken in account while esti-
mating the gross tensile properties of a yarn. However, as demonstrated in the next
Section 4.4, it is important to consider, in the tensile response of each rod, the stiff-
ening effect from the twist. This may be non-negligible in the reference configuration
because, as detailed in Section 4.2.3, it does not depend on the raw values of the bend-
ing and torsional stiffness of the rod, but on their ratio. Therefore, as input datum,
it will be necessary to consider the constitutive equation 7' = T'(e,, 7), being &, the
axial (engineering) strain and 7 the twist angle per unit length of each rod forming
the yarn.

Suppose that the yarn of length h, whose reference state is a double helix of angle
a and radius r as per Figure 4.3(a), is stretched uniaxially by end forces. Thanks
to geometric symmetry, the two constituent rods will assume again a double helix
configuration, characterized by the new length h, angle & and radius 7. Hence, the
strain of the rod ¢, and the strain of the yarn €, can be written as

h—h
ey = (4.2.15a)
0—/ B E sin «

¢  hsina

Ep = —1. (4.2.15b)
For a two-ply yarn, one can assume that the radius R of the rod approximately
coincide with the radius r of the helix described by the rod inside the yarn; the same
holds for the actual values in the stretched yarn, i.e., 7 ~ R. If the material is elastic,
then R = R (1—wve,); for a rubber material, the Poisson ratio is approximately v = 0.5.
If the yarn is stretched without relatively rotating its extremities, according to the
schematic of Figure 4.3, then one has

cmr =h/tana, (4.2.16a)
ent=cnr(l —ve)=h/tana, (4.2.16b)

where ¢ (¢ € R) represents the number of revolutions of the rod inside the helix.
From Egs. (4.2.15) and (4.2.16), one obtains

—1, (4.2.17a)

cosa — cosa \ sin &
gy =1+

V cosa + cosa/ sin «

- cos o — cosozi , (4.2.17]0)
V COS  + CoSs
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which give the deformation of the yarn and of the two rods inside the yarn for any
given couple of helix angles (a, &).

Once ¢, is found, the axial force T in the rods can be calculated from the consti-
tutive equation 7" = T'(¢,,7). The value of 7 should be that in the deformed state,
and there would be no problem in calculating that from equilibrium. However, there
is a small variation of this parameter when passing from the reference to the deformed
state, especially when the yarn is moderately stretched, i.e., @ ~ a. Consequently,
one may evaluate 7 from Eq. (4.2.12) for the reference configuration at rest, and as-
sume this value as a constant when the yarn is moderately stretched starting from this
configuration.

Clearly, the force @) required to axially stretch the yarn reads

Q=2Tsina. (4.2.18)

Observe that, to prevent the rotation at the exterminates, the torque of magnitude
27T cos & has also to be applied about the yarn axis.

4.3 Experimental set-up

The procedure used for manufacturing of the two-ply yarn samples is now presented.
This is based on transforming an initial pre-twist applied to straight rods into tortu-
osity of the resulting helix [230, 237]. The experimental setup and the geometry of the
tested specimens are then detailed.

4.3.1 Two-ply yarn fabrication
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(a) (b)
Figure 4.7. Rubber rod and clamping device: (a) photograph of the Nitrile Butadiene

rubber rod used to fabricate the yarns, with indication of the circular cross-section;
(b) 3D-printed clamp made of blue polylactide.

85



4 — Geometry and mechanics of twisted yarns: an experimental rubber model for the study of CNTFs

The rubber rods used to prepare the yarns are made of Nitrile Butadiene rubber
(NBR or Buna rubber). They are straight and prismatic in the undistorted state,
with circular cross-section of radius 2.5 mm, with a mass per unit length of 0.024 kg/m.
Figure 4.7(a) shows a photograph of the rods, whose diameter was preliminary checked
with a Vernier caliper.

() (d)

Figure 4.8. Fabrication of the two-ply yarn: (a) initial state with two straight undis-
torted parallel rods, clamped together at the bottom; (b) the rods are pre-twisted
while keeping them straight and parallel, preventing the rotation of the clamped
ends; (c) after releasing the clamp, twist is transformed into tortuosity; (d) final yarn
after that also the upper ends have been clamped.

To fabricate the two-ply yarn, two rods are first aligned side by side and clamped
together at one extremity, as indicated in Figure 4.8(a). A longitudinal white line
was drawn on the surface of each rod for reference. The clamp was 3D printed in
blue polylactide, and it consists of two portions bolted together; each one of the two
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4.3 — Experimental set-up

portions has a groove inside to accommodate the helically wound rods, as displayed in
Figure 4.7(b). The clamp is externally held fast to prevent its rotation. Subsequently,
each rod is pre-twisted of the same angle per unit length 75 at the free ends and
stretched axially so as to keep it straight, as evidenced in Figure 4.8(b). Here, the
pre-twist is evidenced by the helix formed by the initially-straight white line. Then,
the rotation restraint at the lower clamp is released, so that one rod naturally wraps
around the other!, transforming part of the initial twist into tortuosity, as shown in
Figure 4.8(c). Finally, the upper ends of the rods are clamped together, obtaining the
two-ply yarn specimen of Figure 4.8(d).

Observe that the manufacturing technique just described is exactly the reverse
of the simple unbending, in the meaning by Love [246], discussed in Section 4.2.1.
Hence, one can readily calculate the twist 7 from formula (4.2.2). In particular, also
considering Eq. (4.2.6), one has that 7 = 7 + sina cosa/7.

This technique has been known for centuries. As a curiosity, Leonardo da Vinci
himself designed two machines to manufacture strands and ropes following, in prac-
tice, the process indicated above. The two devices used either 15 or 3 spindles, as
respectively indicated in Figures 4.9(a) and 4.9(b), taken from the Codex Atlanticus
[253].

For the specimen of Figure 4.8, the height of the yarn is h = 214mm and the
radius of the helix is r ~ R = 2.5 mm. Each straight rod was pre-twisted of the angle
7o ~ —5.0°/mm (3 turns of the free end in clockwise direction according to right-hand
rule) and the resulting helix angle is v = 78.6°; hence the twist of the rods forming
the yarn is 7 ~ —0.6°/mm.

Clearly, by changing the initial pre-twist 7y, it is possible to manufacture yarns
with different helix angle a.

It is worth mentioning that the eigenstress state embedded in the yarn was first
detected by simple visual inspection: an appreciable modification of the diameter of the
rubber rod was observed after fabrication. For example the rod diameter, measured
with a Vernier caliper, changed from being 5.0 mm in the undistorted state to the
new value 4.6 mm inside the yarn, when the helix slope angle was a ~ 60°. The
observed distortion was higher the lower the slope of the helix. Recall that the state of
eigenstress is characterized by the Egs. (4.2.11), derived from pure equilibrium, which
involve the angle «a: this can be measured on the prototyped yarns. Consequently,
following the procedure detailed in Section 4.4.2; it was possible to characterize the
eigenstress state experimentally.

Tt should be mentioned that, for an isolated highly-twisted rod, a configuration with straight axis
is not stable [252]: the rod tends to coil up at localized sections. However, since here there are two
equally-twisted rods in parallel, the reciprocal contact guides the propagation of such instability and
the final result is a double helix with uniform twist and tortuosity.
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(b)

Figure 4.9. Drawings by Leonardo da Vinci for rope-making machines, taken from
Codex Atlanticus [253]. (a) 15-spindle machine for twisting strands, from page 12
recto; (b) 3-spindle rope machine, from page 13 recto.

4.3.2 Testing apparatus

All tensile tests were performed with a Chatillon TCD225 Series Force Measurement
System, equipped with a TLC-0200 load sensor. The testing machine is shown in
Figure 4.10(a). This is equipped with aluminum grippers in which the clamps of
Figure 4.7(b) perfectly fit. The grippers are fixed to the cross-heads in such a way
that the specimens are stretched, but the ends cannot rotate.

Preliminary tensile tests were carried out on the undistorted straight rubber rod,
as indicated in Figure 4.10(b), to determine the force-elongation curve. In order to
measure the stiffening effect of the twist on the tensile response, further tests were
made on pre-twisted straight rods, as per Figure 4.10(c), with various angles of twist.
Figure 4.10(d) shows the final testing of the two-ply yarns. The rods forming the yarns
were lubricated with soap, so to reduce the effects of parasitic friction at the points of
reciprocal contact.

All the tests were strain driven, imposing the speed of the relative displacement of
the cross-heads, equal to 100 mm/min.
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Figure 4.10. Testing machine and specimens. (a) Chatillon TCD225 Series Force
Measurement System; (b) undistorted rod, (c¢) pre-twisted rod and (d) two-ply
yarn, subjected to tensile load.

4.4 Experimental results and their interpretation

The results from tensile tests on two-ply yarns with various geometries are now an-
alyzed and discussed. To obtain agreement with the theoretical predictions from the
model of Section 4.2, it is necessary to consider that the a twisted rod is axially stiffer
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Figure 4.11. Tensile response of the rubber rod: (a) experimentally-measured
tensile force vs. engineering strain curves, for varying values of the pre-twist
7; (b) comparison of the experimental results with the theoretical predictions
from non-linear elasticity theory.

than a non-twisted one. This is why the twist-stretch coupling, confirmed by non-
linear elasticity models based on the molecular theories of rubber [242-244], is first
measured experimentally on a single straight rod; the results are then incorporated in
the two-ply yarn model. It is showed that if this effect is not considered, it will not be
possible to reproduce the tensile experiments on the yarn when the helix slope angle
« is less than 70°.

4.4.1 Tensile properties of the twisted rod

Preliminary tests on single rods were carried out, aiming at measuring the tensile
constitutive properties. Remarkably, it was observed that a pre-twist has a strong
stiffening effect. Various degree of twist were considered, in order to experimentally
define the constitutive equation 7' = T'(e,, 7), mentioned in Section 4.2.4.

Figure 4.11(a) reports the experimentally-measured force-strain curves for various
values of the twist 7 of the rod. Here, ¢, is the engineering strain, obtained by dividing
the incremental relative displacement of the cross-heads by their initial reciprocal
distance. The stiffening effect of the pre-twist is negligible as long as |7| < 7°/mm: the
curve corresponding to |7| = 7.3°/mm overlaps in practice with that corresponding to
7 = 0.0°/mm. Further increasing 7, it is evident that the slope of the curves increases.

The fact that the twist increases the axial stiffness of rubber rods is in agreement
with molecular theories of rubber elasticity [242, 243]. In fact, the molecular chains
are non-linearly and progressively stretched and untangled by any relative rotation of
the rod cross-sections, and thus become stiffer. This fact is captured by macroscopic
models in non-linear elasticity theory. Rivlin [244] considered a rubber cylinder under
simultaneous extension and torsion. It was found that a good agreement with experi-
ments could be obtained by considering the strain-invariant energy function proposed
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by Davies et al. [254]
W= L(I —34+C)2 4 K(1 - 3)? (4.4.1)
2(1 —n/2)" " ! ’ -
where, for the case at hand, it was set A = 0.43778 N/mm?, C = 0.40465, K =
1.46845N/mm?, n = 2.09414, while I; represents the first strain invariant of the
(right) Cauchy-Green strain tensor. For the case of uniaxial stretching of a cylindrical
rubber rod, supposing the material incompressible, this reads

L=(1+¢e)+ +7%p%(1 +¢,), (4.4.2)

(1+e¢,)
being (1 + ¢,) the axial stretch, 7 the torsion angle per unit length and p € [0, R] the
polar distance of each point of the cross-section of the rod from its centroid.

One obtains [244] that the axial force at the extremities of the cylindrical rubber
rod under simultaneous extension and torsion is given by

B 1 R QW L (R L OW
T=dr|(1+e)— (1+€T)2UO v do—2nr /0 T (4.4.3)

Observe that for a twisted rod (7 # 0), one has that 7' = 0 corresponds to an axial
strain €, > 0: the rod elongates according to the well-known Poynting effect [255]. If
one is interested in the incremental deformation beyond this configuration, as for the
case at hand, in the T'— ¢, plane the theoretical curve shall be shifted leftwards of the
pre-strain to make it pass through the origin. In this way, it is possible to compare the
tensile response of rods incorporating different levels of twist in the balanced state.

The two cases 7 = 0.0°/mm and |7| = 20.6°/mm are shown in Figure 4.11(b):
the twist clearly make the force-strain curve steeper. The experimental curves are
also juxtaposed in the same plot. For the untwisted rod, the invariant-based model
by Davies et al. [254] accurately reproduces the measured tensile response. For the
twisted rod, the predicted force-strain law is in fair agreement with the tests. In fact,
despite a difference in the concavity of the two curves, the quantitative difference is
limited even for high values of the axial strain.

The non-linear elastic model by Davies et al. justifies the stiffening effect of the
twist, and provides results that are certainly valid at least at the qualitative level.
A more refined model could be calibrated for a more precise interpretation of the
experimental results on this specific material, but this goes beyond the scope of the
present work. In order to interpret the results of the tests on the two-ply yarns, it
will be considered the experimentally measured constitutive relationship 7" = T'(e,., 7),
already shown in Figure 4.11(a). This will represent the input datum for the model
detailed in Section 4.2.4.

It should be remarked that the Poynting effect does not influence the axial force in
the rods forming the yarn. In fact, in the reference balanced state (no end actions), the
rod axial force is dictated by pure equilibrium, as shown in Section 4.2.3. The axial
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strain, whatever it is, produces only a modification of the length of the rods: since the
yarn ends are not constrained, a uniform elongation of the rods is compatible with the
helical symmetry, and produces a modification of the yarn length without introducing
additional stresses. On the other hand, the twist-stretch coupling in the constituent
rods becomes of paramount importance when, starting from the reference balanced
configuration, the yarn is pulled, because the axial stiffness is strongly affected by the
twist already embedded in the rods.

4.4.2 Tensile response of two-ply yarns

Measured tensile force vs. engineering strain curves for the two-ply yarns are shown
in Figure 4.12. Yarns with different helix angle « in the range 59.4° <+ 77.3° were con-
sidered. For each case, the pre-twist 7 incorporated as an eigenstress in the reference
configuration was considered in the constitutive equation 7' = T'(e,, 7) for each rod.
Observing that the tortuosity 1/% can be calculated from Eq. (4.2.6) since the helix
angle « is known, to determine 7 one has to estimate the quantity d f/ds that appears
in the expression (4.2.2). The value of 7 can be estimated in three different ways.

i. According to the simple unbending procedure described in Figure 4.2, after the
test, the clamping at one end was removed and the two rods straightened, in
order to measure the residual df/ds.

ii. In the manufacturing process shown in Figure 4.8, df/ds corresponds to the
imposed initial twist applied to each straight rod, detailed in Figure 4.8(b).

iii. The twist 7 was directly checked on the assembled yarn of Figure 4.8(d), by
measuring the relative rotation of two neighboring sections of the rods, taking as
reference two pin markers inserted at these sections and on the initially straight
white line, represented in Figure 4.8(a).

For helix angles a > 69.0° it was found that the stiffening effect of the twist was
negligible; therefore, the measured force-strain curve for the untwisted rod can be used
in the model. For a = 67.3°, @ = 60.3° and o = 59.4°, the curves respectively corre-
sponding to |7| = 7.3°/mm, |7| = 14.7°/mm and |7| = 20.6°/mm, already represented
in Figure 4.11(a), were considered. The theoretical response of the yarns, derived from
the simple model illustrated in Section 4.2.4, is represented in Figure 4.12 by means
of black dots juxtaposed to the experimental curves. Despite its simplicity and all the
approximations made, the experimental findings are very accurately reproduced. It is
worth remarking that if the stiffening effect from the twist were not considered, there
would be a drastic discrepancy between theory and experiments, which becomes very
evident as the helix angle is reduced. This is evidenced in Figure 4.12 by the blue
cross markers, representing the theoretical curve if the twist-induced stiffening were
neglected.

Other attempts were made to reproduce the experimental results. In particular,
referring to the notation of Section 4.2.3, it was considered the effects of micro-couples
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Tensile response of the yarns made with two twisted rubber rods. Com-
parison between the model (black dots) and the experiments (solid line) for different
values of the helix angle: (a) a = 77.3°, (b) o = 74.8°, (¢) o = 69.0°, (d) @ = 67.3°,
(e) @ = 60.3° and (f) @ = 59.4°. The blue cross markers represent the theoretical
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my,, produced by inter-rod adhesion/frictional forces, which can be associated with a
scissoring mode of deformation [225]. However, an estimate of the width of the contact
strip region obtained via Hertz theory, as per Figure 4.4(a), demonstrated that it was
so small that unrealistic values of adhesion or friction had to be taken into account.
Nor the discrepancy could be justified by considering a viscoelastic component in the
deformation of the rods. In fact, the measured tensile response of the yarns with
low helix angles was much stiffer than that theoretical derived from the model of
Section 4.2.4, considering the tensile response of the untwisted rod: viscosity would
have increased the compliance of the rods, and therefore the theoretical stiffness of the
yarn would have become even smaller.

The only possibility to match the experimental findings was to consider the stiffen-
ing effect on the tensile response from the twist. This required the characterization of
the eigenstress state, present in the reference configuration of the yarn. No evidence
of this effect has been reported in the technical literature to date.

4.4.3 The role of bending and torsional stiffness

Figure 4.13(a) shows the non-linear relationship between helix angle o and twist angle
per unit length 7 (the negative value of 7 is just a sign convention). Here, the dots
indicate the experimental data: 7 was measured as discussed in Section 4.4.2, and
a was estimated directly from the geometry of the yarn. Observe that |7| steeply
increases with decreasing «, confirming that an infinite twist would be needed to reach
the limit angle o = 45°. Indeed, during manufacturing or at early stages of testing, the
material often experienced failures, attributable to torsion due to the conformation of
the fracture surfaces, when the helix slope angle was less than 60°. The twist-induced
stiffening of the rods has a remarkable effect on the macroscopic response of the yarn.
In fact, observe from Eq. (4.2.18) that, kept fixed the tensile force T in each rod, the
force () in the yarn decreases with decreasing helix-angle a: the yarn should become
more compliant. However, comparing the graphs of Figure 4.12, the gross stiffness of
the yarn seems to be only mildly affected by «. This is because there is the competing
effect of the twist-induced stiffening of the rods: the amount of twist increases as «
is reduced. Therefore, by diminishing «, on the one hand the helix geometry renders
the yarn more compliant; on the other hand, the higher twist makes the rods stiffer.
The two effects almost compensate one another.

Based on the model of Section 4.2.3, the non-linear relationship between the twist
7 and the helix angle « is provided by Eq. (4.2.12), and depends upon the ratio
between the bending stiffness B of the rod and its torsional stiffness A. Since the rod
is made of soft rubber, it is expected that B and A may be affected by the amplitude
of the deformation, and that the rod cross-section may distort from the initial circular
shape due to inter-rod contact. If de Saint Venant’s theory was assumed to be valid,
denoting with E and v respectively the Young modulus and Poisson ratio, one would
have
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Figure 4.13. Twist in a two-ply yarn in the reference state: experimental points and
theoretical predictions. (a) Relationship between the twist angle 7 and the helix angle
«. Bending to torsion stiffness ratio B/A for a rod of the yarn, plotted against (b)
the twist angle 7 and (c) the helix angle a.
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Since for an incompressible material like rubber v = 0.5, one would find B/A = 1.5.

For the sake of comparison, the dashed curve also represented in Figure 4.13(a) shows

the expected dependence from Eq. (4.2.12), for B/A = 1.5 and for r = 2.5 mm (initial

radius of the undistorted rod). The agreement with the experimental point is quite

satisfactory.

The experimental data, which relate each value of a to a corresponding 7, allow
the determination of the ratio B/A through expression (4.2.12). This is shown in
Figures 4.13(b) and 4.13(c), respectively as a function of 7 and «, for the actual value
of » measured on the yarn. There is some scatter, which is more evident for 7 — 0
and a — 90°, because the measurement error increases here, where the quantity to
be measured is small. Anyway, for meaningful values of 7 and «, the points tend to
cluster around the line B/A = 1.735. This finding is in agreement with the theory
developed in Section 4.2.3, but suggests that the estimate B/A = 1.5, obtained via
linear elasticity theory for a rod of circular cross-section, is not extremely accurate.
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Indeed, the Euler-Bernoulli hypothesis that plane sections remain plane after de-
formation is questionable for beams under bending, twisting and shear force, especially
when the curvature and twist rate are so high that the radius of curvature and the
helix pitch become comparable with the radius of the rod cross-section. In addition,
the circular cross-sections are certainly subjected to some flattening and distortion due
to the reciprocal contact of the rods forming the yarn. All these aspects, as well as
non-linear constitutive effects, should be taken into account for a better estimate of
the ratio B/A, but this goes beyond the scope of the present work. In this case, the
value of B/A was fitted based on the experimental results.

If one uses the value B/A = 1.735 in the expression (4.2.12), the solid-line curve
in Figure 4.13(a) is obtained. Now, the agreement between theory and experiments is
excellent. It should be remarked that, despite all the uncertainties and errors in the
experimental measurements, it is found that the ratio B/A = 1.735 should be constant
and quite close to the value predicted by linear rod theory.

4.4.4 Competition between twist and tortuosity in two-ply
yarns

Here an experimental verification of the two expressions that are at the base of theory
is recorded. The first one is represented by Eq. (4.2.2) which provides [247] the
relationship between the twist 7, the tortuosity 1/3 and the variation of the angle f;
recall that %W — f is the angle that, in the strained state, the x — z material plane
makes with the normal n at any point of centerline of the bent and twisted rod. The
second one is the expression (4.2.12), which correlates the helix angle «, its radius
r and the twist 7, with the ratio between the bending stiffness B and the torsional
stiffness A.

As indicated in Figure 4.14(a), a white reference longitudinal line was drawn on
the lateral surface of the unstrained straight rod. At each point, the material frame
is such that z is in the direction of the axis of the rod, whereas x is orthogonal to
it, and passes through the aforementioned line; the axis y renders {x,y,z} a right-
handed frame. When the rod is bent and twisted according to a helix to form a yarn,
the reference line is transformed into a tortuous curve , wrapping around the external
surface of the rod, as displayed in Figure 4.14(b). The radius of the helix was found
to coincide with the radius of the rod in the unstrained state r = 2.5 mm. The helix
angle of the yarn of Figure 4.14(b) was measured to be a = 77.8°.

The value B/A = 1.735 was estimated from experimental results, as detailed in
Section 4.4.3. Hence, from Eq. (4.2.12), one has 7 = —0.81°/mm and, from Eq.
(4.2.2), df/ds = const. = —5.54° mm. Consequently, after integration, one has

df .. df . _
= [ Lds=-LA 4.4.
/ /d§ SE ARG (4.45)
where C is the constant of integration and As € [0,¢] is the length of any finite
portion of the rod starting from the bottom clamped end, being ¢ the length of the
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Figure 4.14. Experimental verification of the role of the angle f that appears
in the expression (4.2.2). (a) Straight reference white line, drawn on the lateral
surface of the unstrained rod; (b) the reference line is transformed into a tortuous
curve when the rod is bent and twisted to form a yarn; (c) the location of the
reference line as reproduced analytically from the model, taking into account
tortuosity and the angle f.

centeriline of the rod in the curved state.

At any point of the rod centerline, the Frenet frame can be found from differential
geometry. Consider a line element that is aligned to the normal n, starts on the
rod centerline and points towards the center of curvature of the rod inside the yarn.
According to Eq. (4.2.2), if this line element is rotated along the tangent of the quantity
—%7‘(’ + f, it will be aligned to the x—axis of the material frame, thus intercepting the
external surface of the rod at a point belonging to the reference line of Figure 4.14(b).

This construction is analytically reproduced. The calculated shape of the reference
line, obtained in Matlab®, is shown in Figure 4.14(c). The agreement with the man-
ufactured rod is excellent when the constant of integration is set to C; = 0.8 7. This
value takes into account the rotation of the bottom clamp, which makes the two rods
integral at the clamped portion, as well as possible sliding of the rubber rods inside
the clamp.

4.5 Discussion

This study was motivated by the discrepancy found between the measured tensile
response of two-ply yarns and the theoretical predictions from standard models based
on Kirchhoff’s rod theory. Nitrile Butadiene rubber rods with circular cross-section
were pre-twisted and then released, letting them wrap one another by transforming
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twist into tortuosity for the resulting double-helix configuration, with variable slope
angle a dictated by the pre-twist level. The material is hyperelastic and, since the
diameter of the rods is small, the energetic contribution from bending and torsion can
be neglected with respect to tensile stiffness. Considering the elongation of each rod
when the yarn is uniformly axially stretched, the constitutive equations indicate the
forces to be applied at the ends. However, the yarns were found much stiffer than
expected, especially when a approached the limit value a« = 7/4, below which there
would be material interpenetration in the constituent rods. Any effect related to the
cohesive-frictional contact of the wires, limited in any case by lubrication, could not
justify the stiffness increase.

It was experimentally verified that the rubber rods formed a double helix both in
the reference and in the stressed configuration. If modeled as Kirchhoff rods, the bend-
ing and torsional stiffness of each rod were found to have only a marginal influence on
the overall tensile stiffness of the yarn [256]. A certain degree of viscoelasticity, as well
as distortion of the rod cross-section due to lateral contact, was considered; however,
none of these effects could explain the discrepancy between theory and experiment.
Since the yarn assumes a double-helical geometry even after deformation, no axial slip
or relative twist occurs between the rods: the only possible frictional interaction would
be associated with a scissoring mode of deformation [225]. Yet, even accounting for
this effect did not reconcile theoretical predictions with experimental results.

Examination of the distorted yarns, specifically through measurements of changes
in the rubber rod diameter and twist, revealed that the rods were significantly stressed
even in the nominally balanced reference configuration, despite the absence of any ex-
ternal load. The internal stress increases progressively as the helix slope decreases,
becoming theoretically infinite as a approaches 7/4. This value represents a physical
limit, corresponding to the onset of geometric interpenetration between the constituent
rods, as previously noted by [237]. Experimentally, it was confirmed that manufactur-
ing two-ply yarns with slope angles smaller than 7/4 was not feasible, as the material
underwent torsional failure when o« — 7/4.

It was therefore recognized that the helically wound rods, although stable in the
absence of external forces, are subjected to a state of intrinsic or eigenstress arising
from their nonzero curvature and twist rate. Kirchhoff’s rod theory predicts that the
twist depends on the ratio between the flexural stiffness B and torsional stiffness A,
increasing markedly as a decreases. Even though both B and A are small for such
rubber rods, their ratio B/A remains significant, making the twist non-negligible. The
model thus predicts a lower-bound helix angle o = /4, at which the twist becomes in-
finite, coinciding with the limit dictated by material interpenetration. This eigenstress
state was directly evaluated on the manufactured yarns with various helix angles «,
showing good agreement with theoretical predictions. The observed twist substantially
increases the effective tensile stiffness of each rod, as confirmed by nonlinear elasticity
theory and experimental testing. By incorporating this twist-induced stiffening into
the theoretical model, excellent agreement between predictions and measurements was
achieved.
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4.5 — Discussion

This study focused on two-ply yarns, which certainly represented the simplest
configuration, but can be readily extended to cables and ropes made up of multiple
helically wound cables. Considering rods bent and twisted to form braids or ropes,
possibly hierarchically arranged from thinner sub-elements, certainly requires to take
into account the complex cohesion/frictional contact forces between the rods, which
instead play a negligible role in the considered problem. In these experiments, rubber
rods with circular cross-section of considerable diameter were used. This certainly
facilitated the experimental observation, but if the yarns were made of very thin fil-
aments, for example Carbon NanoTube Fibers, it would be much more difficult to
measure the twist rate and detect possible states of pre-stress. The use of Kirchhoft’s
rod theory in the modeling of biological double-helical structures, such as DNA, still
represents an open field of investigation. More in general, the effects of the eingen-
stress state on the gross bending and torsional properties of wound rods is the subject
of ongoing research.

Anyway, despite all its limitations, the contribution of this study consists in the
systematic experimental campaign, whose results are corroborated by a simple theo-
retical model. In particular, it is reputed that the proposed example of the two-ply
yarn can highlight the importance of the eigenstress states on coiled structures due to
their effects on macroscopic properties. If residual stresses can be removed by plastic-
ity or annealing in steel cables, this may not be the case for nanomaterials or biological
structures, where self-stress states can interact with constitutive material properties
and size effects, giving rise to phenomena yet to be fully discovered and appreciated.

The results of this study, summarized in [257], represent an important step toward
a comprehensive understanding of the mechanical behavior of twisted yarns, providing
insights and methodologies that are directly applicable to CNTF yarns. Their spe-
cific implementation and implications for Carbon NanoTube Fiber structures will be
discussed in the following chapter.
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Chapter 5

Manufacturing optimization of
CNTF Yarns

Following the fundamental insights obtained in Chapter 4, a geometric—kinematic
model is now introduced to describe the mechanical behavior of twisted CNTF yarns
and to support the optimization of their manufacturing process aiming to enhance their
mechanical properties. Mechanical testing was conducted on CNTF bundles and yarns
supplied by DexMat Inc., to investigate yarn formation mechanics and the impact of
twist rate on bundle strength. It was demonstrated how twisted bundles improve load
distribution among individual CNTFs. Higher twist rates led to an initial increase in
strength, reaching a peak before declining at excessive twist levels [162], leading to
the identification of an optimal twist value for maximizing CNTF bundle’s mechanical
performance. A helical geometric model was developed to describe the yarn structure.
The model was designed to ensure that the final geometry of the produced yarn would
grant an optimal twist to the internal CNTF bundles, based on the hypothesis that
such an optimal configuration at the bundle level leads to superior mechanical prop-
erties for the yarn as a whole. The model was successfully applied to CNTF yarns,
yielding a solid increase respect to previous registered tensile properties. A software
tool was created to simulate and predict yarn configurations providing the operational
parameters for industrial yarn production machinery in order to consistently achieve
yarns with peak mechanical performance.

5.1 Background on yarns and ropes

In 2020, the discovery in France of a rope fragment attributed to Neanderthal crafts-
manship and dated to approximately 52,000 years ago (Figure 5.1) provided the earliest
known evidence of rope-making [258]. This remarkable finding pushed back the origin
of fiber technology far beyond previous estimates, as the oldest known examples before
this discovery were only about 8,000 years old. The technique of twisting individual
fibers into bundles and then assembling these bundles into stronger, more functional
yarns and ropes is further evidenced by historical artifacts such as the Papyrus Fiber
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Rope from Amarna (Figure 5.2) [259]. Such evidence indicates that the ability to
intertwine fibers into load-bearing cords long predates the emergence of the great an-
cient civilizations [260], underscoring the deep evolutionary origins of this mechanical
principle, which continues to inspire the design of modern materials and structures.

Figure 5.1. SEM photo of 3-ply cord rope used by Neanderthal man fifty-
two thousand years ago. First closeup shows Z-twist of strands (image ro-
tated 90° counter-clockwise for clarity); 2nd closeup shows S-twist of fibres
within a single strand [258].

Figure 5.2. Papyrus Fiber Rope from Amarna, Exhibit in the San Diego Museum
of Man, San Diego, California, USA. This artwork is old enough so that it is in the
public domain. Photography was permitted in the museum without restriction [259].

Despite the fact that great past civilizations made extensive use of this technology,
efficient production developed only in recent centuries, a transformation driven by the
Industrial Revolution.

A natural question arises: why use a yarn instead of a single large fiber? Depending
on the scale and nature of the application, a yarn, when compared to a monofilament
of equivalent tensile strength, offers several advantages. These include increased flex-
ibility, improved stress distribution, and enhanced damage tolerance [261]. In fact,
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5.2 — Yarn structure and mechanics

due to internal friction or interlacing (e.g., twisting or braiding), the failure of a single
filament within a yarn typically affects only a short segment of the structure (on the
order of a meter), preventing catastrophic failure and allowing the remaining filaments
to continue bearing the load. Moreover, this failure is usually confined to an isolated
filament and does not affect the entire cross-section, unlike the initiation and propa-
gation of a crack, which tends to grow under repeated or cyclic loading, potentially
leading to sudden and complete failure of the material [262]. This hierarchical struc-
ture promotes efficient load sharing and increased mechanical resilience [175, 263].
However, the overall tensile strength of a yarn is generally lower than the theoretical
sum of the individual strengths of its constituent filaments [264]. This phenomenon,
often referred to as loss of stranding, arises due to several factors: slight variations
in load distribution among filaments, differences in orientation with respect to the
yarn axis, and unequal contact pressure between neighboring filaments. As a result,
yarns typically exhibit a reduction in ultimate load capacity by approximately 10-15%
compared to the ideal sum of the strengths of their components [265, 266].

In addition, rope-like assemblies often display substantial ductility, as they un-
dergo gradual damage accumulation through fiber breakage, fraying, or local yielding
rather than sudden brittle failure. Such progressive deterioration produces percep-
tible changes, such as visible abrasion, slackening, or fiber pull-out, that can serve
as warning signals [267]. The progressive degradation of outer filaments acts as an
early indicator of impending rupture, thereby enhancing operational safety. Finally,
yarn-based ropes can reach lengths of several kilometers by joining multiple segments
through specialized splicing or knotting techniques, which, when properly executed, do
not significantly compromise their mechanical performance or increase the structural
cross-section [268, 269].

5.2 Yarn structure and mechanics

Understanding the hierarchical structure of a yarn is fundamental to interpreting its
mechanical behavior: the smallest structural element is the fiber, multiple fibers are
then assembled into bundles and during yarn formation, these bundles are twisted
and wound together under controlled tension and specific helical angles, yielding a
cohesive, torque-balanced yarn as illustrated in Figure 5.3.

The resulting yarn geometry depends on several parameters, including the number
of constituent bundles, their cross-sectional diameter and the imposed twist level.
Variations in these parameters lead to distinct hierarchical configurations, ranging
from few-ply cords to highly compact multi-ply yarns, each characterized by different
porosity, packing density, and load-transfer efficiency. The simplest configuration to
analyze is the 2-ply yarn made by only two bundle wrapped around, but theoretical
considerations extend naturally to 3, 4, or more plies. When the number of bundles
exceeds four, it is necessary to introduce a central ply to fill the geometric void at
the core of the yarn and prevent structural collapse towards the center, stabilizing the
geometry as shown in Figure 5.4.
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FIBER ——

TWISTED
BUNDLE

YARN

Figure 5.3. Yarn structure: the base element is a fiber, several fibers wounded
together form a twisted bundle, several bundles from a yarn [270].

r =R, r = 2/V3R,

Figure 5.4. Schematic cross-sectional view of n-ply yarn, where 1, represent the ply
radius and r the corresponding radius for the helical configuration [127].

This study specifically focuses on carbon-based threads, where the hierarchical
organization, from CN'Ts to fibers, bundles, and finally yarns, plays a crucial role in
determining the overall mechanical response of the structure.

Therefore, a key research objective is to establish a clear relationship between the
mechanical behavior of a yarn and that of its constituent bundles analyzing the yarn-
forming process and using the insights gained to optimize the final structure by tuning
geometrical and processing parameters.

The structural unit of a CNTF yarn is not a single homogeneous cylindrical rod
but a multifilament bundle whose tensile response is strongly influenced by the applied
twist. This configuration is inherently more complex than that of a yarn composed of
uniform elastic rods. In principle, the mechanics of a twisted bundle could be described
by extending the 2-ply model developed in Chapter 4 to a larger number of plies, each
corresponding to an individual CNTF. Furthermore, Chapter 4 provides essential in-
sight into the interplay between twist and tortuosity, a key aspect in understanding
the yarn manufacturing process. The theoretical framework established therein thus
constitutes a valuable foundation for generalization, serving as a first-order approxi-
mation of the mechanical behavior of a twisted CNTF yarn, provided that suitable
modifications are introduced to account for the multifilament nature of each ply.
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5.2 — Yarn structure and mechanics

5.2.1 Helix geometry

As discussed in Chapter 4, the fundamental geometry of a ply within a twisted yarn
can be described as a helical structure. The key parameters defining this geometry,
illustrated in Figure 5.5 are: the yarn helix angle «, which represents the inclination
of the helical path of a ply with respect to a plane normal to the yarn axis; the pitch b,
corresponding to the axial length of one complete turn of the helix; the number of
turns n, made by the helix around the yarn axis; and the helix radius 7.
The relationship between these parameters is given by the equation for the helix
angle:
b
a = arctan <2> . (5.2.1)

wr

For a yarn with total axial length h = n,b, each ply follows a helical path of length

[ = nyy/b? + (27r)?, while its projection onto the plane normal to the yarn axis is
equal to 2mn,r.

r

Figure 5.5. Helix geometry.

Among these, the helix angle has been shown in several studies to be the most
critical factor: yarns composed by the same amount of plies with similar helix angles
often display similar mechanical performance, even when pitch or radius differ to some
extent [162, 271-273].

While the Twist Per Inch (TPI) is often used as a reference in textile processing,
it can be misleading when comparing yarns with different structural configurations. It
should be noted that TPI does not uniquely determine the yarn geometry: In fact, two
yarns with the same TPI may exhibit different helix angles and, consequently, distinct
mechanical behaviors [273], since the geometric parameters of the helix do not scale
exclusively with TPI. Variations in yarn radius or packing density affect the actual
fiber orientation, making TPI an insufficient descriptor of the yarn geometry and its
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mechanical response. Conversely, yarns with different TPIs but the same helix angle
often show similar mechanical responses, because « scales with the yarn geometry
as shown in Figure 5.6. Therefore, the helix angle is a more reliable and physically
meaningful descriptor for mechanical modeling and comparison of twisted structures.

7..\3\\3\5.. 7r\%z | 800 |
(@) (b)

()

Figure 5.6. Influence of TPI, ply radius and helix angle: (a) same TPI, different
angle, different radius give different mechanical behavior; (b) different TPI, same
angle, different radius give same mechanical behavior; (c¢) different TPI, different
angle, same radius give different mechanical behavior

Generally, lower helix angles are associated with more compliant and extensible
yarns [162], since a larger portion of the applied load is accommodated through geo-
metric deformation rather than direct fiber elongation. In this configuration, the yarn
behaves similarly to a spring, where the load—extension response is governed by un-
twisting and helical reconfiguration effects rather than by the intrinsic axial stiffness
of the constituent fibers. However, this geometric compliance results in a reduction in
tensile strength, as the fibers become increasingly misaligned with the load direction
and the effective load-bearing component of their stiffness decreases [162]. Conversely,
higher helix angles, meaning fibers more closely aligned with the yarn axis, lead to
stiffer but less extensible structures, resulting in higher tensile strength but lower
strain capacity [271, 273], too high angles, however, can cause sliding and insufficient
homogeneous load sharing [274].

Effect like inter-fiber friction, and the efficiency of load transfer among neighboring
filaments become critical in determining the overall stiffness and strength of the yarn,
particularly when bundle cohesion is weak and slippage or interfacial shear influence
the deformation behavior.

These considerations underscore the importance of precise geometric control in
the yarn manufacturing process to tailor the final mechanical properties for specific
applications.
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5.2 — Yarn structure and mechanics

5.2.2 Twist kinematics

The geometry of a single twisted ply is illustrated in Figure 5.7. The ply is modeled
as a cylinder with a length [ and a base radius R,. The total twist angle @, expressed

@R,

Figure 5.7. Geometrical parameters of a twisted ply: length [, ply radius Ry, total
twist angle @, and surface helix angle 5.

in radians, represents the total rotational displacement applied from one end of the
ply to the other over the length [ and can be expressed as

® = 27, (5.2.2)

where ny; is the number of revolutions n;, applied over the ply length [. The surface
twist angle 3 is defined as

[ = — arctan (gﬁ_i{) : (5.2.3)

b

where the negative sign account for the fact that @ is a clockwise rotation. It indicates
the inclination of the outermost fibers, represented by the helical red line on the
cylinder’s surface, with respect to the circumferential direction and quantifies the
degree of twisting within the ply.

The relationship between these geometric parameters is clarified by "unrolling" the
cylindrical surface into a planar right-angled triangle, as depicted on the right side of
Figure 5.7. In this triangle, the vertical cathetus corresponds to the ply length [, while
the horizontal cathetus represents the arc length traced by the twist angle, given by
the product @Ry,

To characterize the mechanical behavior of twisted yarns, it is essential to describe
the evolution of the ply geometry under varying boundary conditions. The initial
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configuration is assumed to be a straight ply, as shown in Figure 5.8(a). An initial
twist is then prescribed, resulting in the geometry depicted in Figure 5.8(b). This
twist is quantified by the angle per unit length, 7y, defined as:

Do
.
where @ is the corresponding initial twist angle. During this phase, the ply ends are
maintained under axial tension. If the tension is subsequently released, allowing the
structure to reach its natural minimum-energy configuration as shown in Figure 5.8(c),
the ply adopts a helical or tortuous helical shape characterized by a specific helix angle
and helix radius.

(5.2.4)

T0 =

L t

|| | |
> >
2 }
(a) (b) (c)

Figure 5.8. Ply torsion: (a) straight untensioned ply; (b) straight, tensioned
and twisted ply; (c) tortuous ply after the reduction of axial load. The dot-
ted line represents the initial untwisted state, while the solid line depicts the
evolution under applied twist.

A key parameter describing this geometry is the tortuosity, defined as 1/% =
sin(«) cos(a) /r, which serves as an index of the ply helix angle and reflects how tightly
or loosely the yarn is wound.

As discussed in Chapter 4, during yarn formation not all of the initial twist 7
is converted into geometric tortuosity 1/3; a fraction remains stored within the ply
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5.2 — Yarn structure and mechanics

as residual twist 7. This concept is schematically illustrated in Figure 5.9, where
the dotted line represents the initial untwisted configuration and the continuous line
shows the evolution of twist in the ply. Starting from three parallel and untwisted plies
(Figure 5.9(a), where solid and dotted lines overlap), the same twist 7y is applied to
each element (Figure 5.9(b), with the solid line indicating the surface twist). Once the
ends are fixed and the applied torque is released, the plies adopt a helical configuration,
converting part of the imposed twist 7y into tortuosity (Figure 5.9(c)). In this final
configuration, the solid line tends to realign with the original dotted orientation but
does not completely recover it; the resulting angular offset quantifies the residual
twist 7.

\

/

(a) (b) (©

Figure 5.9. (a) 3 parallel untwisted ply (b) parallel twisted ply (c) 3-ply yarn showing
residual twist. Dotted line represents the initial untwisted configuration and solid line
represent the evolution of the twist in the ply.

When plies are twisted forming a yarn, their final state is determined by a balance of
initial twist, tortuosity, and residual twist. The relationship between these quantities
is described by Love’s formula (Eq. (4.2.2)) already discussed in Chapter 4 and here
reported for convenience

U

_ 1 2.
FER (5.2.5)

T

where %é represent the initial twist imparted to the bundle that here was indicated as
T0-
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Rewriting (5.2.3) in function of the twist 7 and defining [y as the initial surface
twist angle as follow

1
= —arct —_— 5.2.6
I6] arctan < Rb7'> , ( )
1
Bo = — arctan ( ) . (5.2.7)
Rymo
Eq. (5.2.5) can be rewritten in the form
1 1 sin av cos «
= — 5.2.8
Rytan 3 Rjtan [y r ’ ( )
In particular for the case of a 2-ply yarn in which r = Ry, Eq. (5.2.8) simplify in
1 1
= — si 5.2.9
nd  tend sin acos av ( )

that shows a direct correlation between the surface twist angles 5 and Sy of the ply
and the helix angle a of the yarn that the two plies forms in the hypothesis that R,
and r remain constant during the yarn formation process.

As established in Chapter 4, Love’s formulation (5.2.5) describes how the twist in
a ply evolves as a function of the initial twist imparted to it and the helical shape it
subsequently assumes in the yarn. These quantities do not vary arbitrarily; rather, a
natural equilibrium exists between them, governed by the material properties and, in
particular, by the ratio between the bending stiffness B and the torsional stiffness A
of the ply [257]. This ratio, which reflects the coupling between bending and twisting
deformations, can be determined experimentally.

5.3 Experimental investigation on CNTF bundles

A shown in Figure 5.10, in the case of a CNTF yarn, each ply is not a homogeneous
elastic rod but as a CNTF bundle, a multifilament and microstructured system rather
than a continuous isotropic material. As a result, its mechanical response involves
additional mechanisms and requires specific modeling approaches that differ from those
used for simple elastic rods [275].

5.3.1 Optimal twist rate in a CNTF bundle

The presence of residual twist 7 plays a crucial mechanical role in a CNTF bundle:
the twist not only holds the fibers tight together but also promotes a more uniform
distribution of tensile load across the bundle itself. It is very unlikely that the filaments
in a bundle are stretched unevenly, so in the absence of twist, the shortest fibers
would carry a disproportionately portion of the load, leading to premature cascading
failure [264]. Residual twist mitigates this effect by engaging friction and mechanical
coupling between filaments, enabling more efficient load sharing and enhancing the

110



5.3 — Experimental investigation on CNTF bundles
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Figure 5.10. (a) 3 parallel untwisted bundles (b) parallel twisted bundles (c) 3-ply yarn.

overall mechanical performance of the bundle. For the CNTF bundle, the surface
twist angle 8 corresponds to the helix angle of the helical path traced by the outermost
fibers. This correspondence is illustrated in Figure 5.10, which, for clarity, also labels
the previously discussed angles 3y, 3, and «a.

The key hypothesis is that an optimal amount of twist ensures efficient stress
transfer between fibers. At low twist levels, when the angle [ is close to 90°, fiber
sliding and insufficient homogeneous load sharing occur [274]. Conversely, at high
twist levels, as [ decreases, the resulting radial pressure within the bundle increases.
This promotes more rapid stress recovery in fibers adjacent to breaks, leading to an
overall strengthening effect. However, if 3 is too low, obliquity effects in the fibers
become dominant, since the fiber stress component contributing to the bundle strength
is proportional to the square of the sine of the helix angle of the fiber path (5.3.11)
[264]. Consequently, at excessively low values of /3, the reduction in the total axial
stress component creates a detrimental internal state of stress [264].

Due to these two competing mechanisms, the beneficial increase in radial pressure
and the detrimental reduction in the axial stress component, there exists an optimal
twist level, corresponding to an angle f3,,;, at which the bundle strength is maximized.

The experimental campaign was conducted on CNTF bundles composed of 10, 20,
and 40 continuous aligned CN'TFs produced by wet solution spinning from a chlorosul-
fonic acid (CSA) solution containing a blend of Single- and Few-Walled CNTs with a
high aspect ratio (L/D > 4.5 x 10%). The superacidic solvent enables true dissolution
without the need for surfactants or sonication, thereby preserving nanotube length
and minimizing structural damage. Owing to their high aspect ratio, the CN'Ts form a
liquid-crystalline phase that promotes excellent alignment during extrusion. The wet
spinning process [140] involved extruding the CNT-CSA solution through a spinneret
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into a coagulation bath, where the filament rapidly solidified. Continuous collection on
a rotating drum under controlled tension further enhanced axial alignment and den-
sification of the CNT network. The resulting anthracite-colored continuous filaments
exhibited an approximately circular cross-section with a diameter of 24 +1 ym and a
linear density of 0.65 £ 0.05 tex.

To determine the optimal twist level, samples of CNTF bundles long 34 cm were
prepared and their linear density was measured. For each twist level, tensile tests were
conducted on five specimens using a Shimadzu EZ-Test Compact Table-Top Universal
Tester equipped with pneumatic capstan grips for yarns and cables [276], as shown in
Figure 5.11.

(@) (b)

Figure 5.11. (a) Shimadzu EZ Test Compact Table-Top Universal / Tensile
Tester (b) Shimadzu Pneumatic Capstan Grips for Yarn and Cables testing
machine setup [276].

Pre-twisting was achieved using an electric motor, applying a number of revolutions
n; from 0 to 400. Prior to testing, the diameter of each bundle was measured using a
Zumbach 15XY laser micrometer and verified through digital microscopy with a Dino-
lite digital microscope, as illustrated in Figure 5.12, which shows an optical micrograph
of a representative 10-filament CNTF bundle after twisting.

Number of filaments Average diameter (um) Linear density (tex)

10 96 6.66
20 110 8.38
40 212 34.02

Table 5.1. Average diameter and linear density of CNTF bundles with different
numbers of constituent filaments.
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Figure 5.12. Magnification of a twisted 10-filaments CNTF bundle with
a diameter of 96 pm.

From these measurements reported in Table 5.1, the corresponding torsion 7 and
surface twist angle 3 were calculated.

Each twisted bundle was then clamped between the grips of the testing machine,
and uniaxial displacement-driven tensile tests were performed at a speed of 10 mm/min
until failure to determine the effect of twist on tensile strength, stiffness, and strain-
to-failure.
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Figure 5.13. Tensile response of 10-filament CNTF bundles with different twist rate.

Figure 5.13 shows the tensile response of 10-filament CNTF bundles subjected
to different twist levels. As the twist level increases, an initial and pronounced en-
hancement in strength is observed, followed by a gradual decline accompanied by a
continuous reduction in stiffness. This behavior supports the initial hypothesis that an
optimal twist promotes efficient stress sharing among filaments, whereas insufficient
twist results in poor load transfer, and excessive twist introduces additional internal
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stresses that can ultimately degrade the mechanical performance. In particular, for the
configuration corresponding to 8 = 90°, failure occurs through a cascade-like sequence
of filament breaks within the bundle, indicating a highly localized stress redistribu-
tion. Furthermore, a concurrent and significant increase in ductility is also observed,
an aspect that will be examined in greater detail in Chapter 6.

The experimental data obtained from 10, 20 and 40-filament CNTF bundles, re-
ported in Figure 5.14(a), reveal a characteristic trend: the tensile strength increases
with twist, reaches a maximum value, and subsequently decreases. This behavior
highlights the existence of an optimal twist level that maximizes the mechanical per-
formance of the bundle. In particular for all of the different bundles, the breaking
strength peaks at a range of optima surface twist angle 3., between 77° and 82°
while stiffness decreases progressively beyond this point.
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Figure 5.14. Test results of 10,20 and 40-filament CNTF bundles with different
twist rate: (a) specific strength, (b) stiffness. The range of 8 with the peak
strength is highlighted in gray.

This trend can be compared with a theoretical prediction based solely on geometric
considerations and on the average specific strength of the single CNTFs. Tensile test
on single CNTFs of 0.495 tex of liner density, taken from the same bundle, shown an
average specific strength of 0.84 N/tex. The axial component of the fiber force T is
related to the axial force of the bundle ) through the relation:

Q = m(R) T(R) sin(3(R)), (5.3.10)

where R = [0, Rp] is the radial distance of the fibers from the bundle axis, m(R) is the
number of filaments and S(R) is the torsion angle of the bundle at the radial distance

R.
This correlation can be expressed in terms of specific strength as

Sy = S¢(R) sin(B(R))?, (5.3.11)

Where S, indicate the specific strength of the bundle, while Sy the one of the fiber.
According to this formulation, as the helical angle 8 decreases, the axial contribution
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of each fiber diminishes, and consequently, the overall axial strength of the bundle
decreases.
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Figure 5.15.  Specific strength trend as a function of 8 for 20-filament CNTF bundles,
compared with the theoretical prediction.

Figure 5.15 compares the experimental trend of specific strength as a function of
the helical angle 3 for 20-filament CNTF bundles with the corresponding theoretical
prediction. The experimental data deviate from the theoretical curve, a discrepancy
that can be attributed to a chain-like failure mechanism. When g approaches 90° and
the fibers are nearly parallel, theoretical models predict that the tensile strength of
the bundle should equal the average strength of its individual filaments. However, as
shown in Figure 5.16, which compares the tensile responses of untwisted 10-filament
bundles with those of single CNTFs extracted from the same bundle, the experimental
evidence reveals a cascade-type failure process. Although individual fibers exhibit
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Figure 5.16. Tensile response of untwisted 10-filament CNTF bundles com-

pared with single CNTFs extracted from the same bundle, highlighting the
cascade-like failure behavior.
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slightly higher specific strength on average, the premature fracture of a single filament
within the bundle triggers a rapid sequence of failures in the remaining ones, leading to
a lower overall bundle strength. In practice, the average tensile strength measured for
the 10 and 20-filament bundles corresponds to approximately 80% of the theoretical
maximum.

The reason lies in the premature failure of individual fibers: the breakage of a
single filament (the weak link in the chain [277]) reduces the effective load-bearing sec-
tion, which then initiates a cascade of failures in the neighboring filaments, ultimately
causing the collapse of the entire bundle. Figure 5.17 shows the fracture analysis of
20-filament CNTF bundles with an approximate diameter of 150 um, tested at three
different twist levels: 1, 2.5, and 5 rad/mm. At low twist levels, the individual fibers
tend to spread and behave rather independently, whereas increasing the twist results
in a more compact and cohesive structure, with enhanced inter-fiber confinement.
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Figure 5.17. Fracture analysis after tensile test of 20-filament CNTF bundles
(diameter ~150 pm) with different twist levels: (a) 1 rad/mm, (b) 2.5 rad/mm,
and (c) 5 rad/mm.

Further insight into the fracture behavior was obtained by analyzing untwisted
bundles, which showed that their tensile strength follows a Weibull distribution [277].
This confirms that the weakest chain model, commonly used to describe fracture in
materials composed of multiple load-bearing elements, is well suited for CN'TF bundles.
According to this model, the failure of the bundle is governed by its weakest segment:
when one critical defect or flaw is activated, it leads to fracture of the whole structure.
Consequently, the survival probability of the bundle depends on the probability that
all its constituent elements remain unbroken under the applied load.

The Weibull distribution provides a quantitative framework for this statistical vari-
ability. Its cumulative failure probability is expressed as:

Pr=1-exp {— <0>mw] , (5.3.12)

0o

116



5.3 — Experimental investigation on CNTF bundles

where o is the applied stress, oy is the scale parameter (characteristic strength), and
m,, is the Weibull modulus, which quantifies the scatter of the data. A low m,,
indicates high variability in strength due to defect sensitivity, while a higher m,, reflects
more uniform failure behavior. Figure 5.18 shows the Weibull distribution on the
Weibull plot [277], for a 10-filament CNTF bundle, for which it was obtained m,, =
21.54 and o¢ = 0.8 N/tex.

* experimental data
interpolation line

log(log((1 — P(0)) 1))

-0.35 -0.3 -0.25 -0.2 -0.15
log(c)

Figure 5.18. Weibull distribution for CNTF bundles.

In the case of CNTF bundles, the distribution of defects and the possible slack
between filaments justify the applicability of the weakest chain model. The observed
Weibull statistics confirm that bundle strength is primarily controlled by flaw dis-
tribution, and reliability analysis is therefore essential to describe their mechanical
response.

Finally, the role of twist can be further interpreted in this framework. At low
twist levels, fibers are poorly compacted, load sharing is limited, and fracture occurs
progressively, preventing the bundle from achieving its theoretical maximum strength.
As twist increases, fibers become more compacted and better aligned; through friction
and cohesion they share the applied load more effectively, leading to enhanced strength
and as evident in Figure 5.15, at an optimal level of twist, the breaking strength attains
a value consistent with the theoretical prediction. However, excessive twist introduces
significant combined tensile and torsional stresses, once again reducing the overall
performance of the bundle.

The underlying assumption is that if the elementary unit (the bundle) exhibits
optimal performance, the overall structure (the yarn) will also achieve maximum ef-
ficiency. Consequently, it is crucial that each bundle forming the yarn possesses the
twist level that maximizes its breaking strength. To this end, it is necessary to quan-
tify the residual torsion 7 of the bundle once incorporated into the yarn with a specific
helix angle a.
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5 — Manufacturing optimization of CNTF Yarns

5.3.2 Relationship between twist and tortuosity

To establish the relationship among 7 and « in the case of a CNTF bundle, an exper-
imental approach analogous to that described in Sections 4.3.1 and 4.4.2 of Chapter 4
was adopted. In particular, the procedure followed the same steps illustrated in Fig-
ure 4.8, which depicted the setup used for a macroscopic rubber rod.

The experimental campaign was conducted on CNTF bundles composed of 10 and
20 CNTFs presented in Section 5.3.1, which avarege measure are reported in Table 5.1.
Figure 5.19 shows an image obtained via digital microscopy of a 2-ply yarn fabricated
by twisting two 20-filament CNTF bundles.

100pm

Figure 5.19. Microscopic image of a 2-ply CNTF yarn using a Dino-lite digital
microscope. The structure results from the twisting of two 20-filament bundles.

Two bundles, each of a length [ of 5 cm, were joined at one end using a clamp
consisting of two layers of adhesive tape with a thin layer of cyanoacrylate between
them to ensure a solid connection. Both bundles were then twisted by the same number
of turns n,, from which the initial twist per unit length 7, and the surface twist angle
Bo were consequently determined after measuring the twisted bundle diameter using
Egs. (5.2.4) and (5.2.7). The free ends of the bundles, held under axial tension,
were subsequently brought together and fixed using the same clamping method, as
illustrated in Figure 5.20(a). Once the applied tension and torque were released, the
structure spontaneously formed a helical configuration, as shown in Figure 5.20(b).

From this natural equilibrium configuration, the helix angle o was measured, al-
lowing the corresponding tortuosity 1/% to be determined empirically. Figure 5.20
highlights the significant shortening observed in a yarn made of 20-fiber bundles with
a high twist level (o = 66.3°, 79 = —12.5 rad/mm) compared to the reference length
of 5 ecm, which would correspond to the case where the two bundles remained parallel
and untwisted.

Assuming that the bundle behaves as a single, continuous structure, the values of
the residual twist 7 and the corresponding surface twist angle [ within the bundle
can be obtained by substituting the measured values of 7y and 1/¥ into Eq. (5.2.5).
Figure 5.21 reports the experimental measurements of these quantities as a function of
the helix angle « for a 10-filament CNTF bundle (Figure 5.21(a)) and for a 20-filament
CNTF bundle (Figure 5.21(b)).
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Figure 5.20. Forming a yarn made of 20-filament CNTF bundles: (a) Two CNTF
twisted bundles which ends are fixed together; (b) 2-ply yarn formed after releas-
ing the constraints; (c) detail of the final length of a with a high twist level

(a = 66.3°, 79 = —12.5 rad/mm), showing significant shortening compared to
the initial reference length of 5 cm.
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Figure 5.21. Initial twist 79, tortuosity 1/%, ad residual twist 7 as a function of «
(a) for a 10-filament CNTF bundle and (b) for a 20-filament CNTF bundle.

As shown in Figure 5.21, the trends observed for the 10- and 20-filament bundles
are not identical, primarily due to geometric effects, particularly the dependence on the
bundle diameter. However, as illustrated in Figure 5.22, the experimental data reveal
a consistent functional relationship between initial and residual bundle surface twist
angle 5y and § and the helix angle o independently from the geometric parameters
(number of fibers and bundle diameter). The relationship between 3 and «, that will
be employed in Section 5.4 for subsequent modeling purposes, has been fitted with the

119
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polynomial function

B=ca+c, (5.3.13)

which coefficients for least-squares fit are reported in Table 5.2 .

coefficient value
co —0.5092 rad
c 1.3226

Table 5.2. Coefficients of the least-squares fit for the 8 — « relationship.
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Figure 5.22. (a) Initial surface twist angle Sy of 10- and 20-filament CNTF bundles

in the unplied configuration; (b) residual surface twist angle 8 of 10- and 20-filament
CNTF bundles in the yarn configuration.

For qualitative characterization and comparison with a homogeneous and isotropic
rod, the CNTF bundle can be assumed to follow a simplified mechanical relationship
in which the twist moment is expressed as the product of the equivalent torsional
stiffness A, of the bundle and the twist per unit length 7, namely H = A., 7. Similarly,
the bending moment is given by G, = % where B,, is the equivalent bending stiffness
and 1/p = cos® a/r is the curvature associated with bending.

Combining these expressions with Eq. (4.2.11a) ones can rewrite Eq. (4.2.12) of
Chapter 4 as

Bey 1 r
Aeq 2R, tan [ sin a cos «

(1—tan®a) . (5.3.14)

By substituting the experimental data into this relation, it is found that, in the
case of a CNTF bundle, the stiffness ratio B,/A¢, is not constant but varies with the
applied twist level and therefore depends on 5, a and on r.
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Figure 5.23. Ratio between equivalent bending and torsional stiffness in function of

yarn helix angle « for (a) 10-filament and (b) 20-filament CNTF bundle.

Figure 5.24. Qualitative influence of the stiffness ratio. When the stiffness ratio is
high, the bundle favors maintaining its twist, whereas at low ratios it tends to convert
twist into tortuosity, as bending becomes energetically preferable.

Experimental results for both the 10- and 20-filament CNTF bundles show that

this ratio increases more rapidly as a0 approaches 90°, as illustrated in Figure 5.23.

This parameter is particularly useful for understanding how the initial twist

distributed between residual torsion and geometric tortuosity. As shown in Figure 5.24,
for higher stiffness ratios the bundle tends to remain twisted rather than bending into
a tortuous configuration, since the bending stiffness dominates over the torsional one.

Conversely, when the stiffness ratio is low, the bundle tends to transform its init

torsion into tortuosity.
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5 — Manufacturing optimization of CNTF Yarns

5.4 Yarnmaker kinematic

Once the optimal twist value 3., maximizing bundle performance has been identified,
it is essential to ensure that the residual twist within the bundles composing the yarn
corresponds to this value. Given the yarn geometry and the desired optimal surface
twist angle, there exists a specific set of machine parameters that yield an optimized
yarn structure.

.........

e ——

Figure 5.25. Illustration of the Yarnmaker, the machine used to ply CNTF bundles
into continuous CNTF yarns.

To control the final properties of the yarn, a kinematic model of the yarn-making
process was developed. Figure 5.25 shows the Yarnmaker, the machine used to ply
CNTF bundles into continuous CNTF yarns through an epicyclic gear mechanism.
The corresponding kinematic scheme is illustrated in Figure 5.26, where the following
parameters are defined:

dn
° W, = d—cz angular velocity of the carrier, corresponding to n. rotations of the

spools (planets) around the central axis (sun) in a time interval and determining
the number of windings imparted to the yarn;

dn

° w, = d—s: angular velocity of each spool about its own axis, corresponding to

ns revolutions of the spool in a time interval, determining the twisting motion
applied to the individual bundles;

dh
o { = a: linear take-up speed of the yarn, i.e., the rate at which a length h of

the twisted yarn is drawn and collected in a time interval.

The interaction among these parameters defines the resulting yarn geometry, par-
ticularly the helix angle «.
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5.4 — Yarnmaker kinematic

Figure 5.26. Schematic representation of the Yarnmaker kinematics.

The model establishes a relationship between the machine’s operational parame-
ters, we, ws, and &, and the resulting yarn geometry (o, r), as well as the surface twist
angle 8 within the bundles.

In the Yarnmaker, the gear train imposes a fixed ratio of wy/w, = 2, while £ can
be adjusted independently. As discussed in Section 5.3.2, the natural relationship
between the number of twists imparted to each bundle n;, and the number of windings
n, formed in the resulting yarn expressed by

l

= 5.4.15

1t 2Ry tan By’ ( )
h

E— 5.4.16

"y 27rtan a ( )

is governed by the geometric relation between [ and « and it is given by the ratio

Ny r
— = . 5.4.17
n,  Rytan3)cosa ( )

In contrast, the machine ratio ng/n. is the same of w,/w,. and it is fixed by the me-
chanical gear ratio.

Since these two ratios are generally not identical, the operating conditions of the
machine may not coincide with the yarn’s natural ones. This mismatch can introduce
an over- or under-twisted state within the bundles, which must be properly accounted.

Since the machine parameters are known, the system can be described analytically
and solved to identify the optimal combination of the two independent control pa-
rameters w. and { needed to achieve a target surface twist angle 3, in the bundles,
thereby optimizing the yarn’s mechanical performance.

5.4.1 Mathematical model for CNTF yarn-making

The cross-sectional geometry of the CNTF yarn is defined by m individual bundles
helically wound around a common central axis. Depending on the number of bundles,
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5 — Manufacturing optimization of CNTF Yarns

the structure may include either an empty central region or a core bundle. For m = 2,
the bundles are directly wound around each other and in contact, for 3 > m < 4 they
form a distinct central empty cylindrical region, whereas for m > 4, the geometry
allows for the presence of a central bundle that occupies the void space between the
external bundles.

Each external bundle of radius R, follows a helical path characterized by a radius r,
measured from the yarn axis to the bundle centerline. To the possible central bundle,
or, equivalently, the inscribed empty cylinder defining the inner boundary of the ex-
ternal bundles arrangement, is assigned a radius R;. These quantities are related to
the overall helical geometry through:

r=Ri+R.. (5.4.18)

Four alternative configurations can be defined for the core region, depending on
the desired structural layout:

(i) Automatic optimal sizing: the inner radius is computed automatically from
the geometric function R;.(a, m) reported in Appendix A, which depends on the
helix angle a and the number of bundles m,

R, =R. x R;.(a,m); (5.4.19)

(ii) Identical sizing: the central and external bundles are assumed to have equal
radii,

Ri=R.; (5.4.20)

(iii) Well-compacted configuration: used to achieve a tight packing arrangement,
compensating for the bundle’s radial deformation if it occurs,

f <4
R =Y orm=t (5.4.21)
R. X R;.(a,m), for m > 4;

(iv) User-defined configuration: a fully customizable case in which R; is directly
assigned by the user.

This parametrization allows the model to represent a commonly used range of yarn
architectures, from simple multi-ply structures to compact, core-stabilized configura-
tions.

The governing parameter of the model is the bundle surface twist angle 5, which
selection is determined by the desired final properties of the structure. For instance,
to maximize tensile strength, the optimal value 3, found in Section 5.3, should be
chosen.

Once the target value for (8 is established, the yarn helix angle a can be derived
from (5.3.13) and the quantities 7,7 and 1/% can be calculated.
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5.4 — Yarnmaker kinematic

Two production configurations are modeled depending on whether the yarn is al-
lowed to rotate after fabrication.

In the rotation-allowed configuration, once the yarn is unspooled, it is assumed
to be free to rotate around its longitudinal axis. Under these conditions, the yarn
spontaneously relaxes toward its natural configuration by releasing the accumulated
over-twist. Consequently, the only relevant control parameter is the spool angular
velocity ws, since, when free to rotate, the yarn self-adjusts to achieve its equilib-
rium number of windings. The corresponding take-up speed of the Yarnmaker is thus

calculated as:
27 Wy

52_

In contrast, in the rotation-restricted configuration, the yarn is constrained against
rotation after manufacturing, preventing the relaxation of the excess twist. In this
case, the machine parameters to achieve a prescribed 3 can be found by solving Love’s
equation (5.2.5), expressed in terms of the linear and the angular velocities &, w,,
and wy:

. sin(a) , (5.4.22)

1 2m € W, 27 Wy

R.tan 8 - € + 4m2w?r? /€2 + dAm2uw2r? '

Fixing a desired § and one of the angular velocities, the linear take-up speed & can
be determined to properly configure the Yarnmaker. The resulting helix angle of the
yarn «,.., which will differ from the natural one, is then given by:

(5.4.23)

Oy = arctan( S ) . (5.4.24)

T W,

The final yarn diameter depends on the geometric arrangement of the bundles,
which varies with the number of ply m. The maximum and minimum projected di-
ameters of the yarn cross-section Dy max and Dy min can be geometrically estimated as
follows

m=2: Dymax = 4R, Dymin = 2Re, (5.4.25a)

m=3: Dymax = 4R, Dy min = 2R. +7V/3, (5.4.25D)

m=4: Dypax = 2R, + 2r, Dy min = 4R, (5.4.25¢)
10 4+ 2v/5 5+5

m = 5 N Dy,max = 2R6 _|_ 27’::\/_, Dy,min = 2R6 + 7" +4\/_, (5425d)

m=6: Dymax = 2R + 21, Dymin = 2Re + V37 (5.4.25¢)

To obtain a representative single value, the Root Mean Square (RMS) diameter of
the yarn D, pus is defined as:

D2 max + D2 min
Dy rvs = \/ - 5 w2, (5.4.26)
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5 — Manufacturing optimization of CNTF Yarns

which provides an effective average measure of the yarn’s cross-sectional dimension,
accounting for geometric variations due to bundle arrangement.

The proposed simplified model allows, within reasonable approximations, the esti-
mation of the machine parameters required to achieve the desired yarn performance
by controlling the applied twist. Despite its effectiveness, the model presents some in-
herent limitations, including the dependence on experimentally derived relationships,
the assumption of linear elastic behavior, and the neglect of inter-bundle frictional
effects. Nevertheless, this comprehensive mathematical framework provides a valuable
basis for the optimization of CNTF yarns, as it integrates geometric, mechanical, and
manufacturing aspects into a unified system of equations suitable for computational
implementation and experimental validation.

B vsva = [m] X
- Results on the left I
HOME | TOOLS
SETTINGS RESULTS

YARN ROTATION ALLOWED CONDITION

BUNDLE TYPE

(® 10 FILAMENTS ANGLE | &35 -
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Figure 5.27. Graphical user interface of the Yarn and Strand Maker App (YSMA).

The model was implemented as a computational tool with the MATLAB app de-
signer environment. Its graphical user interface (GUI), shown in Figure 5.27, guides
the user through a sequential parameter input process. The left panel enables the
selection of the bundle type based on its constituent filament count. Subsequently, the
user defines the yarn’s geometric configuration by specifying the presence of a central
bundle and the expected packing density among the bundles. Then the user can select
the number of circumferential bundles (m), their diameter (D), the surface twist angle
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expressed by v = 7/2 — /3, and the rotational speed of the carrier (w.) in revolutions
per minute (RPM).

The model was tested experimentally by producing several yarn configurations
and measuring their properties. The results demonstrate significant improvements
over yarns manufactured using empirically-derived settings based on historical exper-
imentation. Table 5.3 compares the mean tensile strength from previous experiments
with the values obtained from yarns made using the model parameters, specifically
for the cases of a 3-ply yarn and a 5+1-ply yarn (comprising 5 external plies and 1
central ply). The implementation of the model’s recommended parameters yielded a
substantial increase in specific strength. Overall, the application of model-predicted
values resulted in an average improvement of 14% in the yarn’s mechanical properties
relative to previous products.

Yarn Average Specific Strength (N/Tex)

Configuration No Model Model-Based Improvement
3-ply 1.277 1411 (+10.5%)
5+1-ply 1.190 1.408  (+18.3%)

Table 5.3. Comparison of average specific strength for yarns manufactured using
empirical methods versus model-predicted parameters.

5.5 Other investigations, future works and final dis-
cussion

Following the experimental investigations and the development of a kinematic model,
several complementary investigations were pursued to explore other critical aspects
of yarn architecture and mechanical properties of CNTF bundles. These parallel re-
search threads were essential to build a more comprehensive understanding of the
structure-property relationships in CNTF yarns and to identify practical pathways for
performance enhancement beyond twist optimization alone. The findings from these
studies are presented herein, alongside a discussion of future research directions.

5.5.1 Yarn architecture and cross-sectional optimization

Within the framework of yarn architecture and cross-sectional optimization, an in-
depth analysis of bundle packing was carried out on CNTF yarns featuring concentric
ply arrangements. In particular, 2-ply and 3-ply yarns generally exhibit superior me-
chanical stability compared with more complex configurations, as their constituent
bundles experience uniform loading conditions and share the applied stress evenly. In
contrast, 4-ply yarns tend to develop internal asymmetries: two opposing bundles may
collapse toward the center while the remaining two stay on the periphery, as illustrated
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5 — Manufacturing optimization of CNTF Yarns

in Figure 5.28. This configuration results in heterogeneous stress distributions, as the
inner bundles, characterized by smaller helical radii, undergo different strain levels
than the outer ones, leading to early failure of the more stressed outer plies.

(a) (b)

Figure 5.28. (a) Ideal cross-section of a 4-ply yarn; (b) collapsed geometry
due to centripetal pressure.

A different non-uniformity occurs in the common 6+ 1-ply configuration, where six
outer bundles surround a central one. The central bundle does not follow the same
helical trajectory as the external plies but is primarily subjected to torsion, or may
even consist of nearly untwisted parallel fibers. Consequently, it exhibits a distinct
stress—strain response, often resulting in localized or non-uniform failure [263].

Figure 5.29 compares the tensile strength of 6+1- and 3-ply CNTF yarns with
varying helix angles, each composed of 10-filament CNTF bundles. The 3-ply configu-
ration demonstrates slightly superior performance, reflecting the benefits of structural
symmetry and more uniform stress distribution.
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Figure 5.29. Specific strength of 6+1 and 3-ply CNTF yarns with different helix
angles, each composed of 10-filament CNTF bundles.

By combining geometric modeling (e.g., fiber-packing simulations and radial angle
distribution analysis) with experimental mechanical testing (tensile, fatigue, and cyclic
loading), it becomes possible to identify yarn architectures that maximize specific
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strength, packing efficiency, and dimensional stability while maintaining consistent
mechanical performance across all plies.

The geometric configuration also affects the effective and enveloping cross-sectional
areas of the yarn. Based on the number of external plies (m), the effective area Aeg,
corresponding to the total cross-sectional area of the CNTF bundles, and the outer
enveloping area Aeny, representing the area of the minimal circle enclosing the yarn,
can be determined. Their ratio defines the packing efficiency, which quantifies the
fraction of the cross-section effectively occupied by CNTF material.

From the geometric relationships described in Eq. (5.4.25), the maximum yarn
diameter and its corresponding bounding area can be obtained. For configurations
with m > 4, the area of a central bundle must also be considered in the effective area
calculation, leading to:

mm R, for m < 4,
off = (5.5.27)
mnR?+ wRZ, for m > 4,
while the total bounding area is expressed as Aeny = 7TR§.
The packing efficiency is therefore given by:
Ae
n= T % 100. (5.5.28)

Table 5.4 summarizes the calculated packing efficiencies for configurations with
m =2 tom = 0.

Number of plies (m) Packing efficiency (%)

50.00
64.62
68.63
75.26
77.78

S O = W N

Table 5.4. Packing efficiency of CNTF yarns as a function of the number of plies (m).

Despite these limitations, the 6+41-ply configuration achieves the highest pack-
ing density and thus maximizes the effective cross-sectional area while minimizing
bulk. Moreover, advances in yarn manufacturing could enable the central bundle to
be twisted in a controlled manner, improving the uniformity of load sharing and align-
ing its mechanical response more closely with that of the external bundles.

5.5.2 Post-twist hardening of CNTF bundles

In Section 5.3, it was observed that the application of twist increases the maximum
tensile strength of the bundle, but concurrently leads to a reduction in stiffness.
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To evaluate whether this drawback could be mitigated, a series of post-twist hard-
ening tests was performed on 20-filament CNTF bundles with average diameter of 110
pm, linear density of 8.38 tex and twist of 3.7 rad/mm (5 of 67.9°) that were pre-
tensioned at different percentages (from 50 to 95%) of their ultimate tensile load prior
to testing. The results illustrated in the histogram of Figure 5.30 were highly encour-
aging: the bundles recovered approximately 80-90% of the stiffness (N/tex) lost during
twisting (Figure 5.30(b)), reaching values comparable to those of untwisted bundles
(Figure 5.30(b) reference), while maintaining the same specific strength (N/tex), as
illustrated in Figure 5.30(a).
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Figure 5.30. (a) Specific strength, (b) recovered stiffness for a 20-filament
bundle with average diameter of 110 pm, linear density of 8.38 tex and twist
of 3.7 rad/mm (5 = 67.9°).

This improvement can be attributed to fiber rearrangement, enhanced alignment,
and increased inter-filament friction promoted by the hardening process, which collec-
tively reduce internal slippage under load. In addition, a small elongation of about 2%
of the bundles’ initial length was observed, causing a slightly reduction of their linear
mass density and resulting in a modest but measurable increase in specific strength.

These findings demonstrate that hardening effectively restores the stiffness lost
during twisting while enhancing the overall mechanical efficiency of CNTF bundles,
providing a practical means to balance strength and stiffness.

5.5.3 Viscoelastic properties of CNTF bundles

Further tests were carried out on 20-filament CNTF bundles with average diameter of
110 pm, linear density of 8.38 tex and twist of 3.7 rad/mm (/3 of 67.9°) to investigate
their visco-elastic behavior. These experiments were designed with two main objec-
tives. First, to assess the influence of testing speed, ensuring that the strain rate does
not affect the measured mechanical properties and, at the same time, to evaluate the
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response of the fibers under different dynamic loading conditions. Second, to investi-
gate the static resistance of the fibers, i.e., their ability to withstand a sustained load
over time, thereby providing both a reference value for static strength and useful data
for creep characterization.

As shown in Figure 5.31, varying the testing speed between 50 and 1000 mm/min
did not produce any measurable influence on the shape of the tensile response.

1
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Figure 5.31. Stress-strain diagram for several tests performed at increasing testing
speed on 20-filament CNTF bundles with average diameter of 110 pm, linear density
of 8.38 tex and twist of 3.7 rad/mm (3 of 67.9°).

On the other hand, creep tests performed at different fractions of the ultimate
tensile strength (ranging from 83% to 67%) revealed a clear visco-elastic behavior,
indicating that the specific strength obtained from standard tensile tests does not
accurately represent the long-term performance under sustained loading. Even at
stress levels as low as 67% of the ultimate tensile strength, a continuous increase in
strain over time was observed. The quantitative results of the creep experiments,
including the creep rate coefficient, time to failure, and final strain, are shown in
Figure 5.32 and summarized in Table 5.5.

Load % Sp. stress (N/tex) Final Strain (-) Creep Rate (s™!) Time (s)

83 0.59622 0.018751 8.236 x 107 398

75 0.53701 0.018932 1.0545 x 1077 26523

72 0.51309 0.015640 3.1654 x 1078 62182

67 0.47741 0.016489 1.2238 x 107®  no fail > 10°

Table 5.5. Creep test parameters from test performed under static loading
conditions at various fractions of the ultimate tensile strength on 20-filament
CNTF bundles with average diameter of 110 um, linear density of 8.38 tex
and twist of 3.7 rad/mm (3 of 67.9°).

This indicates that more refined investigations are required to determine reliable
strength values and safety factors for the practical structural application of CNTFs.
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Figure 5.32. Creep response diagrams obtained under static loading con-

ditions at various fractions of the ultimate tensile strength of 20-filament
CNTF bundles with average diameter of 110 um, linear density of 8.38 tex

and twist of 3.7 rad/mm (3 of 67.9°).

5.5.4 Discussion

The validated model established a direct correlation between the machine’s operating
parameters, the final yarn geometry, and the residual twist within the constituent
bundles. This relationship enabled a systematic investigation of the structure—property
relationships in twisted fiber assemblies and provided a comprehensive framework for
designing new experimental campaigns with precise control over the geometric and

kinematic parameters of the yarn manufacturing process.
The model’s implementation as a computational tool demonstrated its practical

utility for process optimization, yielding an average improvement of 14% in specific
tensile strength. This result confirms the central hypothesis that controlling the resid-
ual twist through appropriate kinematic tuning during fabrication is a critical factor

for enhancing the mechanical performance of CNTF yarns.
However, this significant outcome was achieved using a simplified model that relies

on several approximations, indicating a clear need for further research to refine both
the theoretical and experimental aspects of this work. Future studies should focus on:

e Quantifying the torsional and bending stiffness of individual fibers and bundles

e Incorporating inter-filament frictional effects, viscosity and progressive collapse
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into the model.

e Developing a more robust multi-scale model that accurately links single-fiber
mechanics to bundle-level behavior.

e Extending mechanical characterization to include long-term durability assess-
ments, such as fatigue, creep tests.

e Developing a refined predictive model for the mechanical response of CNTF
yarns.

Addressing these research directions will be essential to enhance the understanding
and performance of advanced CNTF-based yarns, paving the way for their successful
implementation in next-generation structural and multifunctional applications.
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Chapter 6

Effect of torsion on the mechanical
properties of CNTFs and
multi-fiber structures

While the mechanics of CNTFs wound into yarns have been extensively investigated
in Chapter 5, the effect of applying a controlled pre-twist directly to an individual
CNT Fiber remains far less explored.

The remarkable increase in ductility observed in twisted bundles, as reported in
Section 5.3 and exemplified in Figure 5.13, did not find a direct correspondence with
classical models commonly employed for twisted fiber bundles, such as those proposed
in [278] or the extended version in [257] for an arbitrary number of filaments. It
was therefore hypothesized that this atypical mechanical response originates from the
intrinsic behavior of the twisted individual CNTFs composing the bundle, motivating
an in-depth investigation into the influence of torsion on the mechanical properties of

CNTFs.

This chapter demonstrates through tensile testing that such pre-twisting induces a
remarkable mechanical trade-off in a single fiber: a significant enhancement in ductility
alongside a reduction in stiffness and strength. This behavior is explained through
scanning electron microscopy and a mechanistic model, corroborated by testing a
macroscopic analogue. The findings indicate that strategically tailoring the pre-twist
can program CNT Fiber properties for superior macroscale structures.

As discussed in Section 2.5.1, CNT Fibers are commonly produced using three
main techniques: solution spinning [279, 280], direct spinning from floating-catalyst
CVD reactors [281, 282], and dry spinning (from forest or vertically grown CNT ar-
rays) [283, 284]. Despite their different routes, all methods share the same objective
of aligning CN'Ts into a densely packed, cohesive microstructure arising from van der
Waals interactions along the extensive lateral surfaces of the CNTs, which, although
weak individually, are collectively effective due to the high aspect ratio of the CNTs
(length/diameter > 10%).

The present experiments focus on Solution-Spun Fibers, which yield a highly
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aligned and densely packed microstructure, albeit typically composed of shorter CNTs.
Scanning electron microscopy reveals that well-produced fibers have pseudo-circular
cross-sections with few voids and diameters of microns. Crucially, this structure is not
monolithic; it is hierarchically composed of smaller CNT clusters, also named fibrils in
the sequel. This multi-filament architecture is central to the present investigation. The
bonding within this hierarchy is also multi-scale: the CN'Ts within a fibril are linked by
van der Waals forces, while the bonds between the fibrils appear significantly weaker.

SEM imaging remarkably demonstrates that pre-twisting reorganizes the multi-
filament structure of the fiber, transforming the constituent loosely bonded CNT fibrils
into a helical architecture. By viewing CNT Fibers as hierarchical yarn-like systems,
one can better rationalize the interplay between microscopic interactions, mesoscale
rearrangements and macroscopic response, ultimately advancing the predictive mod-
eling of their mechanical performance. Within this framework, the intrinsic multilevel
helical organization of fibrils emerges as the key feature modulating stiffness, strength,
and deformation, also at the level of the individual CN'T Fiber.

Positioning CNT Fibers within the broader category of yarn-like multi-filament ma-
terials enables leveraging established knowledge. The assembly of individual filaments
into yarns, strands, and cables through twisting is a key manufacturing process, which
provides integrity to the assembly [278]. The underlying mechanics is a mature field of
study, widely investigated for metallic steel wires. Models, often based on Kirchhoft-
Love rod theory, treat the structure as an ensemble of helically arranged filaments
to predict its overall tensile and torsional stiffness [234, 237, 256]. The behavior is
generally dominated by the axial stiffness of the filaments organized into helices, with
pre-twist during manufacturing being the critical parameter that defines the geometric
shape and, hence, the gross mechanical properties. The hierarchical helical organiza-
tion inherent in twisted structures has been recognized as a key feature governing
stiffness, strength, and deformation mechanisms [226]. Analyses of twisted yarns have
demonstrated how twist-induced internal stress and eigenstress distributions can alter
the apparent tensile behavior. In particular, recent experimental studies on two-ply
yarns [257] confirmed that these residual stress states can significantly affect strength
and stiffness.

Only specific studies have been conducted on CNT assemblies, mainly focused
on comparing processing methods with gross properties, to bridge the gap between
nanoscale constituents and macroscale tensile [128] or bending response [7]. The effect
of twisting on tensile properties has been investigated for dry spun CNTF [285] or clus-
ters [286]. Yarn mechanics provides valuable insights on frictional interactions as the
fundamental mechanism governing load transfer and deformation behavior 278, 287
289]. Molecular dynamics has been used [286] to investigate the mesoscale mechanics
of twisted CNT clusters with inter-tube interactions, emphasizing the importance of
shear interactions and identifying optimal twist angles through pull-out simulations.
A multiscale modeling strategy, combining atomistic and coarse-grained molecular dy-
namics, was applied in [290] to twisted CNT clusters, to demonstrate that twisting
enhances intertube shear interactions by increasing contact surface, but excessive twist
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weakens them due to cross-sectional deformation of individual CNTs.

The effect of pre-twist on the tensile properties of an individual solution-spun CNT
fiber has not been previously investigated, to the best of current knowledge. This in-
vestigation addresses this effect by modeling the CNTF as a compactly packed struc-
ture composed by clusters of nanotubes, idealized as cylindrical elements, arranged in
concentric layers within the circular perimeter of the fiber.

The tests conducted have reported a marked enhancement in ductility, exceeding
the ultimate strain of untwisted fibers, alongside a reduction in stiffness and strength.
To interpret this observation, a mechanical model founded on the following key hy-
potheses, specific to the single-fiber scale, is proposed.

(i) Awial strain mismatch. Pre-twist causes the constituent fibrils in each radial
layer to form helices with different pitch angles, leading to a differential projec-
tion of their lengths along the fiber axis. This geometry induces a progressive
engagement of the fibrils during axial loading: outer layers, being forced into
longer helical paths, become prestressed and bear load earlier, while inner clus-
ters remain unstressed until the fiber extends sufficiently, directly explaining the
nonlinear tensile response.

(1) Enhanced confinement. The helical shape from the pre-twist induces lateral
compression in the fibrils, each composed of aligned CN'Ts, which promotes their
lateral bond and is the reason for the source of increased ductility.

The fact that increasing twist leads to a progressive decrease in strength and stiff-
ness, while markedly enhancing ductility, was already observed in [278, 285, 291] for
different fiber yarns.

Here, the mechanism (i) of progressive inter-fibrillar load-transfer is proposed, aris-
ing from strain mismatch among helically-arranged fibrils. This non-uniform stress dis-
tribution was double-validated experimentally using a counterpart macroscopic phys-
ical model composed of twisted nylon filaments arranged in a strand geometry. It is
worth mentioning that this rationale is fundamentally distinct from the traditional
modeling of wound filaments, which are deliberately cut to different lengths to reduce
strain mismatch: here, the mechanism is instead predicated on the strain mismatch
generated between fibrils of identical initial length.

To account for the significant increase in ductility, hypothesis (i7) posits that the
lateral confinement induced by the helical geometry alters the intrinsic tensile response
of the fibrils, enhancing their behavior beyond what is observed in a straight configu-
ration. Although the precise micromechanical origin of this effect remains speculative
at this stage of the study, a parametric analysis is presented which considers various
shapes of “constitutive continuation” for the tensile response of the fibrils, beyond the
ultimate strain measured in untwisted fibers. The analysis indicates that plastic-like
responses can provide predictions in excellent agreement with experimental results.

Recent studies on ultra-strong CNT clusters [85] and efforts to improve processing-
structure-property relationships [6, 292] underline the importance of linking twist-
induced architecture with macroscale performance.
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The effect of twist on the mechanical response of a CNTF was investigated by mod-
eling it as a compactly packed structure composed by clusters of nanotubes, idealized
as cylindrical elements, arranged in concentric layers within the circular perimeter of
the fiber. Upon twisting, each radial layer forms helices with different pitch angles.
This structure leads to a progressive engagement of CN'T clusters during axial loading:
outer layers, being forced into longer helical paths, become prestressed and bear load
earlier, while inner clusters remain unstressed until the fiber extends sufficiently. This
leads to a decreasing of the axial stiffness of the fiber, as showed by experiments. This
non-uniform stress distribution was double-validated experimentally using a counter-
part macroscopic physical model composed of twisted nylon filaments arranged in a
strand geometry. The resulting decrease in effective stiffness is consistent with exper-
imental observations.

By integrating macroscopic testing with theoretical modeling, this work offers a
mechanical interpretation of the twist-dependent properties of CNT Fibers, directly
linking their macroscopic performance to the deformation of their underlying fibrillar
architecture. The findings extend beyond fundamental mechanics, providing a solid
foundation for the rational design of advanced hierarchical fiber structures and improv-
ing the understanding of the tensile behavior of twisted CNTF bundles, from which
this investigation originated.

By tuning pre-twist, the mechanical properties of the fundamental CNT Fiber
building block can be programmed, enabling the bottom-up engineering of macroscale
materials for structural applications with improved damage tolerance and energy ab-
sorption capacity [132, 293].

6.1 Experimental evidence

This section describes the materials and methods for the tensile testing of individual
pre-twisted CN'T Fibers. The analysis of their multi-filament structure, confirmed by
scanning electron microscopy, forms the basis of the present analysis.

6.1.1 Materials

The CNT Fibers examined in this study were fabricated via wet solution spinning. The
precursor material consisted of a blend of polydisperse Single-Wall and Few-Walled
CNTs, characterized by a high length-to-diameter aspect ratio exceeding 4.5 x 103.

The CNTs were dissolved in chlorosulfonic acid (CSA), a superacid capable of form-
ing true solutions at concentrations up to 5000 ppmw without requiring surfactants
or sonication, thereby preserving CNT length and minimizing damage. Due to the
high aspect ratio of the CNTs, these solutions exhibit a liquid crystalline behavior,
which facilitates excellent alignment during spinning. The wet spinning process [140]
involved extruding the CNT-CSA solution through a spinneret into a coagulation bath,
where the filament rapidly solidified. Continuous collection on a rotating drum under
tension promoted axial alignment and densification of the CNT clusters.
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The resulting anthracite-colored continuous filaments exhibited an approximately
circular cross-section with a diameter of 24 + 1 um and a linear density of 0.65 +
0.05 tex. High-resolution scanning electron microscopy (SEM) and focused ion beam
(FIB) cross-section imaging [140] revealed a densely packed internal morphology with
minimal voids and a high degree of CN'T cluster alignment. This alignment was further
confirmed by wide-angle X-ray diffraction (WAXD), which yielded Herman orientation
factors up to 0.996.

The solution spinning method employed in this work, utilizing a high-purity CSA-
CNT solution, demonstrates significant advantages by decoupling CNT growth from
fiber formation. Unlike direct spinning or array spinning methods, which often require
specialized synthesis and tolerate lower crystallinity or higher impurity levels, solution
spinning allows for the use of a broad range of CNT types, provided they meet stringent
crystallinity and aspect ratio requirements [6]. This approach also offers excellent
scalability.

Consequently, the fibers investigated are representative of state of the art Solution-
Spun Carbon NanoTube Fiber (SS-CNTF) technology.

6.1.2 Tensile response of twisted CNT Fibers

The CNT Fibers were pre-twisted and subjected to tensile testing. The experiments
were performed with a TesT 112.2kN Universal Testing Machine, equipped with a TesT
307.100N load cell, displayed in Figure 6.1(a). The pre-twist was applied by subjecting
the lower clamp, and hence the fiber, to a controlled number of full rotations by means
of a dedicated 3D-printed twisting mechanism, shown in Figure 6.1(b).

In detail, each fiber specimen, of length 350 mm, was first secured in the upper
clamp, then the fiber was wrapped three times around a cylindrical guide (indicated
by the blue circle in Figure 6.1(b)) and routed downwards toward the lower clamp; the
fiber was then wrapped three times around the cylindrical guide of the lower clamp
(green circled in Figure 6.1(b)) and finally secured. The distance between the top and
bottom guides was fixed at 150 mm. Upon applying the controlled pre-twist, which
changed the length of the fiber, care was taken to gradually adjust the position of the
upper clamp to ensure a condition in which the axial load was always close to zero.
All tests started from the condition of quasi-zero axial load (0.00 £ 0.02 GPa) and the
tensile test was displacement-driven, until failure, at a speed of 1 mm/min.

Figure 6.2 shows the experimentally-derived engineering stress oy in the fiber as
a function of the applied engineering strain e; for specimens subjected to increasing
levels of pre-twist 7. The untwisted fibers showed an average tensile strength of 1.7 GPa
and a tangent Young’s modulus up to 110 GPa. The average elongation at break was
1.7%, with corresponding toughness values around 13 kJ/kg. Both tensile strength and
stiffness progressively decrease at increasing twist level, while ductility (quantified by
the elongation at breakage) increases significantly. For 7 = 25.1rad /mm, the measured
average tensile strength was 0.92 GPa, with corresponding ultimate elongation of 3.4%
and a tangent Young’s modulus at the origin of about 17 GPa. This observed trade-off
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Figure 6.1. Testing apparatus: (a) TesT 112.2kN Universal Testing Machine and

(b) detail of the TesT 307.100N load cell and the clamps with the mechanism for
application of pre-twist.
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motivated a search for its underlying mechanical origins

6.1.3 Microscopy

Observations were made with a Jeol JSM-6400 Scanning Electron Microscope. Samples
were prepared by mounting straight, twisted and kinked portions of the CNT Fibers
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()

Figure 6.3. Scanning electron microscopy images of CNT Fibers: (a) fiber lateral
surface morphology in the natural unstressed state; (b) kinked CNT Fiber shows the
fibrillar structure; (c) a pre-twisted CNT Fiber (7 = 16.2 rad/mm) shows how the
fibrils arrange into helical structures; (d) high magnification image of a twisted CNT
Fiber indicates fibrils of diameter comprised between 0.1 pm and 1 pm.

onto a graphite tape substrate. To minimize charging effects, the samples were coated
with a thin layer of conductive carbon via vapor deposition.

The micrographs reported in Figure 6.3 reveal key features of the CN'T Fiber struc-
ture. The lateral surface, shown in Figure 6.3(a), exhibits a textured morphology,
indicative of its composition from aligned CNT clusters, called fibrils in the sequel.
This multi-filament organization becomes more distinct in Figure 6.3(b), representing
a kinked portion of the fiber, because the strain localization causes the separation
of individual fibrils. The application of a pre-twist, as shown in Figure 6.3(c), re-
organizes the multi-filament structure into a well-defined helical architecture. The
high-magnification image of Figure 6.3(d) indicates that these fibrils have diameters
ranging from approximately 0.1 pm to 1.0 pm, with an average diameter of 0.6 pm.

141



6 — Effect of torsion on the mechanical properties of CNTFs and multi-fiber structures

These observations confirm that the fiber consists of highly-aligned filament-like sub-
structures, consistent with prior literature [6]. The fibrils are weakly bonded, as their
assembly can be effectively manipulated and loosened through controlled pre-twist.

6.1.4 Origin of the fibrillar morphology

The formation of the distinct fibrillar microstructure results from nanoscale phenomena
that occur during wet spinning, as extensively documented in the literature. Rather
than remaining uniformly dispersed throughout the fiber, CN'Ts tend to aggregate into
fibrillar clusters, i.e., densely packed and aligned clusters that serve as the primary
load-bearing units of the fiber.

The driving force for this aggregation is the van der Waals interaction between
adjacent nanotubes, particularly the 7-7 stacking between their graphitic walls [140].
CNTs can be temporarily dissolved into a true solution of CSA due to protonation of
their walls. However, during coagulation, when CSA is rapidly exchanged with a non-
solvent, solubilization is reversed and CNTs reassemble into energetically favorable
clustered states. This bundling is thermodynamically favorable because it reduces the
interfacial area with the surrounding medium, minimizing the system’s free energy

[294].

In addition to intermolecular forces, the liquid crystalline nature of CNT-CSA
solutions plays a critical role. Given their extremely high aspect ratio and stiffness,
CNTs form lyotropic liquid crystalline phases, self-organizing into anisotropic, locally
aligned domains. Upon extrusion and drawing, these domains elongate and merge, and
lateral association is promoted, driving the formation of well-aligned fibrillar clusters
[140].

The kinetics of fiber formation further reinforce this structure. Coagulation is ex-
tremely rapid: the bath immediately extracts CSA, causing rapid fiber solidification
and preventing nanotubes from redistributing uniformly. As a result, the fibrillar mor-
phology becomes kinetically “frozen” within the fiber. Focused ion beam and scanning
electron microscopy analyses of cross-sections confirmed this behavior, showing densely
packed yet distinct fibrils [6].

Far from being detrimental, this bundling (fibrillation) is important for achieving
high-performance CNT Fibers. Both computational and experimental studies [90,
295] have demonstrated that efficient load transfer requires close contact and high
alignment between CN'Ts, which are naturally achieved within fibrils. This hierarchical
arrangement is reminiscent of biological fibrous systems, such as collagen or silk, where
fibrillar architectures self-assemble to optimize mechanical properties. The present
study investigates a previously unexplored consequence of fibrillation: the change of
tensile properties in individual CNT Fibers induced by the application of a pre-twist.
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6.2 The model

The proposed model conceptualizes the twisted CNT Fiber as concentric layers of
helically-wound cylindrical fibrils, of equal initial length. To validate this conceptual
approach, a physical analogue was fabricated and tested.

6.2.1 Theory

The model assumes that fibrils exhibit negligible torsional and bending stiffness com-
pared to axial tensile stiffness, and provide no compression resistance due to slackening.
A key hypothesis is that all fibrils share an initial equal length Hj; consequently, pre-
twist induces a helical shape that creates a differential projection along the fiber axis,
leading to a length mismatch under tensile load. This focus on initial length equal-
ity fundamentally distinguishes the present approach from classical wound filament
mechanics.

Let R; indicate the radius of the CNT Fiber, assumed of circular cross-section
and composed of n € N concentric layers of mutually identical fibrils, as shown in
Figure 6.4(a). Let ¢ = 0,1,...,n be the index that identifies each layer, with i = 0
representing the central fibril and ¢ = n the outmost layer. Each layer consists of
m; € N fibrils.

The number n of layers is estimated from the average fibril diameter 2R and Ry
using the geometric relation

Ry
R = . 6.2.1
2n+1 ( )
As shown in Figure 6.4(a), each layer i, for i = 0,1,...,n, is located at a radial

distance r; = 2¢R from the center. The number m; is calculated by dividing the layer
circumference 27r; by the fibril diameter 2R, and applying the floor function [-] to
ensure an integer value, i.e.,

m; = fﬁﬂ . (6.2.2)

Since the center of the fiber (i = 0) contains a single fibril, my is set to 1.

Let L; represent the initial length of the fibrils in the layer ¢ at the radial distance
r;. In the untwisted state, the fiber is a bundle of straight parallel fibrils aligned with
the fiber axis, all of initial length L; = Hy for all r;. Figure 6.4(b) evidences three
fibrils at different radial distances. Tensile tests on the untwisted fiber are used to
define the constitutive response of the fibrils. Let o and e respectively indicate the
engineering stress and strain for the tensile-tested fiber, i.e.,

F SH,
and &= ——" (6.2.3)

0= —F95, 9
WR?c HO

where dHj is the imposed elongation and F' the corresponding tensile force. The
measured response is fitted with the polynomial
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g .
o=> pgje’, (6.2.4)
=0

where g € N is the polynomial degree and p,_; € R are the polynomial coefficients,
with 7 =0,1,...,¢.

The experimental measurement can be extrapolated to obtain the constitutive
response of the individual fibril in the layer i. For an untwisted fiber, made of straight
fibrils, the elongation dL; coincides with the fiber elongation dHy, i.e., e = 6L;/L; =
d0Hy/Hy, for i = 0,1,...,n. Since the axial force F} on the straight fibril is given by

F
Ff=— (6.2.5)

L Z:‘L:o m; ’

from Eq. (6.2.4) one obtains

g
Fr =3y (0L (6.2.6)
§=0
where

G = 4—7T‘R?c &l

Hy 7 Yilomy

For a pre-twisted fiber, the helical shapes of the fibrils must be taken into account.
If @ is the torsion angle imposed to the fiber, the twist per unit length is 7 = &/ H,.
Based on microscopy evidence (Figure 6.3(c)), it is assumed that the fibrils become
cylindrical helices, whose pitch is dictated by 7 and 7;.

If the fiber length were constrained to remain at H after the pre-twist, the helically-
wound fibrils in outer layers (r; > 0) would be forced to elongate to a length greater
than H,, with the fibrils at r, being the longest. This would generate tensile stress
in the fiber. To achieve a stress-free state after pre-twisting, the initial length H, of
the fiber must be reduced to H, so that outermost fibrils retain their natural length
L, = Hy. However, this forces the inner fibrils to become slack since their length would
be less than Hj for i < n and they are assumed unable to withstand compression loads.
This scenario is schematically depicted in Figure 6.4(c), where the waviness of the lines
corresponding to the inner fibrils indicates that they need to accommodate the fiber
length H. The same Figure also reports the unraveled helices: the outermost fibril
(i = n) forms a right triangle with hypotenuse L,, = Hy, while the hypotenuse of inner
fibrils (i < n) is wavy, indicating their greater length.

The new reference length H, corresponding to the zero axial load condition at the
beginning of the test, can be calculated from geometric considerations as

, forj=0,1,...,9. (6.2.7)

H = \/H; — (BR;)2. (6.2.8)

The axial elongation 0H of the twisted fiber induces a variation of the length of
the helical path of the fibers in the i-th layer at r; given by
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Figure 6.4. Schematic representation of filament structure of the CNT Fiber: (a)
idealized cross-section composed of cylindrical fibrils arranged in concentric layers
of radius 7;, around one central fibril; (b) un-twisted initial state, with indication
of three different fibrils, co-planar with the axis, at three different distances from
the center; (c) stress-free configuration after pre-twist, in which the external fibrils
keep their initial length and the inner ones slacken, juxtaposed to the triangular
shapes of unraveled helices.

OLi = \/(H + 6H)? + (0r;)? — Hy. (6.2.9)

The quantity dL; can be either positive or negative, depending on the values of radius
r;, fiber elongation 0 H and twist angle ¢. Consistent with the model assumptions, a
fibril only contributes stress when taut, meaning that the force F; carried by the fibrils
of the i-th layer reads

(6.2.10)

o, if 0L; <0,
"\ Ef(0Ly), if 6L; >0,

where F7(0L;) is the constitutive relation for the fibril, defined by the polynomial fit
in Eq. (6.2.6).
The helix angle «; of the taut fibrils in the layer ¢« can be calculated as

H+6H
; = arct — |, 6.2.11
a; = arctan ( o ) ( )
with ap = 7/2 for the central fibril i = 0. The overall axial force F} in the twisted
fiber can be obtained by summing up the forces carried by all the fibrils. Considering

that only the component of F; on the fiber axis contributes to I, one obtains
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Fy =Y m; F; sin(a;), (6.2.12)
=0

with F; given by Eq. (6.2.10). Consequently, the stress and strain in the fiber read

Fy O0H

To summarize, once the tensile response of the untwisted fiber has been experi-
mentally determined, the proposed theory allows predicting the tensile response of the
twisted fiber in terms of stress oy and strain ¢, based on the observation that the
fibrils are progressively engaged from the outer layer towards the center as the fiber is
increasingly stretched.

6.2.2 The physical analogue

A macroscopic physical analogue was fabricated and tested to validate strain mismatch
between fibrils as a core principle of the theoretical model. In the prototypes, fibrils
are made with nylon filaments with a circular cross-section (0.32 mm diameter) and a
linear density of 92.5 tex.

The tensile response was first measured on individual filaments. Figure 6.5(a)
shows how the nylon filament was secured in custom metallic clamps using cyanoacry-
late adhesive. A bundle of parallel nylon filaments (Figure 6.5(b)) was also tested, to
represent the macroscopic analogue of the untwisted CNT Fiber.

The bundle was fabricated using the following procedure. Nylon filaments were
inserted into a 3D-printed alignment template, i.e., a plate with holes reproducing the
fiber’s cross-sectional arrangement. One end of the bundle was glued with cyanoacry-
late adhesive and secured in a custom 3D-printed clamp. A knot was then tied to
compact the bundle of filaments, while the template was carefully slid along the bun-
dle to ensure perfect alignment and prevent tangling, as shown in Figure 6.5(c). The
alignment template plate and the clamp, composed of two mating parts, are shown
in 6.5(d) and in Figure 6.5(e), respectively. After completing the alignment, the free
end was inserted in one half of the clamp (Figure 6.5(f)), glue was poured in, and the
second half was placed to complete the assembly. The cross-sectional view of Figure
6.5(g) shows the position of the filaments inside the clamp after the adhesive cured,
confirming their arrangement into approximately concentric circular paths.

Application of the theoretical model to this case, as per the scheme in Figure 6.4(a),
yields a physical analogue consisting of one central fibril (: = 0), a mid-layer (: = 1)
of six fibrils, and an outer layer (i = n = 2) of twelve fibrils.

Tensile tests were conducted using a Chatillon TCD225 Series Force Measurement
System with a TLC-0200 load cell, shown in Figure 6.6(a), as the testing machine
used for CNT Fiber tests (Figure 6.1(a)) could not accommodate the required higher
full scale. All tests were displacement-driven at a speed of 10 mm/min until failure.
Pre-twisting was achieved using the method described in Figure 6.1(b), which involved
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Figure 6.5. The macroscopic physical analogue made of nylon filaments: (a) single
filament with custom clamps for tensile testing, and (b) bundle composed of 19 par-
allel nylon filaments. Preparation of the samples: (c) filaments are inserted into the
alignment template, one end is glued and secured with custom clamps, a small knot
is tied to compact the bundle while the template is slid to assure alignment; (d) de-
tail of the 3D-printed alignment template; (e) detail ofthe 3D-printed custom clamps
composed of two parts; (f) the free ends of the filaments are inserted in one of the
mating halves of the clamp and glued; (g) cross-sectional view showing the filaments
inside the clamp after glue curing.

applying a prescribed number of turns to the lower clamp. A representative twisted
specimen is shown in Figure 6.6(b), with detailed views of its geometry before and
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6 — Effect of torsion on the mechanical properties of CNTFs and multi-fiber structures

after twisting provided in Figure 6.6(c) and 6.6(d), respectively. All tests commenced
from a condition of quasi-zero axial load (0.0 = 0.2N).

Figure 6.6. Experimental set-up for the physical analogue. (a) Chatillon TCD225
Series Force Measurement System, equipped with a TLC-0200 load cell; (b) a twisted
nylon filament bundle mounted in the clamps; close-up view of the bundle in its (c)
initial untwisted and (d) final pre-twisted configurations.

The stress-strain response of the untwisted bundle was initially measured. As
shown in Figure 6.7(a), the results were highly repeatable and are presented alongside
a fifth-degree polynomial approximation of the form given in Eq. (6.2.4). The coeffi-
cients for least-squares fit are provided in Table 6.1. Additional tests were conducted
on indwvidual twisted filaments. Even under an applied twist of 7 ~ 0.77rad/mm,
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6.3 — Interpretation of experiments on CNT Fibers

comparable to that later applied to the bundle, the curves showed negligible devia-
tion. This result confirms that twist has a minimal effect on the tensile response of
the single filament (fibril scale), which can be overlooked.

coefficient value x10°
Do 0.0000 MPa
D1 0.0023 MPa
D2 —0.0328 MPa
D3 0.3982 MPa
P4 —1.6240 MPa
D5 2.4702 MPa

Table 6.1. Coefficients of the least-squares polynomial fitting for the stress-strain
curve of the untwisted bundle made of nylon filaments.

Figure 6.7(b) compares the experimentally-measured response of the twisted macro-
scopic bundle with predictions from the theoretical model presented in Section 6.2.1.
The model uses the polynomial approximation of the constitutive law of the nylon
filament as input. The excellent agreement between experiments and theory validates
the proposed mechanical interpretation of twisted fibers composed of initially parallel
filaments.

The macroscopic scale of the physical analogue provided a visual representation of
the mechanism of load transfer. During twisting, the filaments form helical arrange-
ments. Under tension, the outer filaments, due to their shorter effective axial length,
engage first, while the inner filaments remain slack. The progressive engagement of
these inner filaments with increasing axial elongation produces a nonlinear stress-strain
response characterized by a gradually increasing tangent elastic modulus.

Notably, macroscopic failure occurred when the filaments in the outermost layer
(i = 2) reached the failure strain of a single filament. This can be recognized from the
comparison of Figure 6.7(b) with Figure 6.7(a).

The successful validation using a nylon-filament analogue demonstrates the effec-
tiveness of the model in Section 6.2.1, supporting its application to pre-twisted CNT
Fibers. Interpreting their behavior, however, requires a further step, detailed in the
next section.

6.3 Interpretation of experiments on CNT Fibers

The tensile response of pre-twisted CNT Fibers is interpreted using the theoretical
model described in Section 6.2. The geometry is defined according to the microscopy
observations of Section 6.1.3, with the number of layers set to n = 20 and the fibril
diameter to 0.6 pm.

The model operates on the premise that fibrils in different layers are progressively
engaged under tension. However, while experiments on the nylon-filament analogue
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Figure 6.7. Tensile response of the physical analogue. Experimentally-measured
stress-strain curves for (a) the untwisted nylon bundles (experimental data and
fifth-degree polynomial best-fit) and (b) the pre-twisted bundles (experimental results
and theoretical prediction from the model).

showed that failure occurred once the most-strained outer layers reached the failure
strain of a single filament, pre-twisted CNT Fibers exhibit a significantly higher failure
strain. The underlying reason for this enhanced ductility remains conjectural at this
stage, but it may be attributed to the helical configuration, which promotes lateral
confinement as the fiber is pulled. It is well established [7, 296] that CNT Fibers con-
sist of nanotubes in lateral contact, which can be interpreted [297] within the broad
paradigm of cohesive-frictional adherence, combined with conservative forces of at-
traction. It is hypothesized that the centripetal pressure generated by helically wound
fibrils during elongation enhances lateral bonding between CNTs, thus increasing the
strain capacity. This mechanism improves the ductility of the fibrils, a phenomenon
that needs to be taken into account in the model of Section 6.2.1.

Figure 6.8 reports the fibrillar force F;* vs. fibrillar displacement d L; curves, derived
from the experimentally-measured response of the untwisted fibers according to the
procedure detailed in Section 6.2.1. These results are interpolated with a third-degree
polynomial fitting as defined in Eq. (6.2.6), for which the coefficients are collected in
Table 6.2. For this interpolation, an ultimate elongation of §L = £H, = 2.596 mm is
estimated. A post-critical constitutive continuation beyond 6L is considered for the
helically wound fibrils, evaluated using four distinct constitutive behaviors, as detailed
below.

i. Failure model. The fibrils undergo immediate failure when the elongation limit
is exceeded:

0, if 6L, <0,
F, =< Fr(0L;), if 0<6L; <L, (6.3.14)
0, if §L;>dL.
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Figure 6.8. Tensile response of the CNT fibril in the i-th layer: experimental-
ly-derived fibrillar tensile force F; vs. fibrillar elongation JL; curves (obtained from
different tests on untwisted fibers), and least-square-fitted third-degree polynomial,
with four different continuations beyond the limit 6L = 2.596 mm.

ii. Plateau model. The fibrils carry a constant load after the elongation limit:

0, if 0L; <0,
F, =< Fr(5L;), if 0<0L; <L, (6.3.15)
Fiim if §L; > 0L,

where Fj;, = c30L% + 20 L% + ¢10L + ¢ is the force at the strain limit.

iii. Linear continuation model. The fibrils show a linear response after the crit-
ical elongation, whose slope is determined by the tangent line at the elongation
limit:

0, if §L; <0,
F, =< Fr(0L;), if 0<d6L; <L, (6.3.16)
Flim + k(6L; — 6L), if 6L; > 0L,

where k = 3¢36L? 4 2¢20L + ¢ is the slope of the tangent line at 6L; = 6L.

iv. Polynomial continuation model. The fibrils follow the original polynomial
fitting beyond the elongation limit:

0 if 6L, <0,
<E:={ ’ 1 = (6.3.17)

Fr(5L;), if 6L;>0.

Figure 6.9 compares the theoretical predictions with the experimentally-measured
tensile response of CNT Fibers for different pre-twist values (7 = 8.4, 16.8, 25.1rad /mm).
In all cases, the model accurately captures the twist-induced reduction in axial stiff-
ness up to the point where the critical elongation §L is reached in the outer-layer
fibrils. Beyond this point, the failure continuation model predicts a strain-softening
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coeflicient value x1074
co 0.0000 N
1 3.0412N/mm
c2 —0.3804 N /mm?
cs 0.0132N/mm?
Table 6.2. Coefficients of the polynomial fitting for the force-elongation curves.
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Figure 6.9. Experimentally-measured tensile response of twisted CNT Fibers com-

pared with the results from the theoretical model for different values of pre-twist: (a)
T =8.4rad/mm, (b) 7 = 16.8rad/mm, (c¢) 7 = 25.1rad/mm.

response accompanied by oscillations resulting from the progressive failure of fibrils
from the outer to inner layers. Although this trend is not experimentally observed,
the peak stress aligns with experimental results for 7 = 8.4rad/mm (Figure 6.9(a)).
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6.4 — Discussion

The linear continuation model generally overestimates the fiber stiffness, particularly
at higher values of 7. The best agreement is achieved with the plateau and polynomial
continuation models. For the highest twist angle, the plateau model provides the most
accurate fit. In general terms, the curves for 7 = 16.8rad/mm (Figure 6.9(b)) and
7 = 25.1rad/mm (Figure 6.9(c)) confirm that the fibrils do not fail abruptly at the
critical elongation § L but continue to carry load. This indicates that twisting enhances
ductility, even though it reduces both global axial stiffness and failure load due to the
mechanism of progressive engagement of the fibrils.

The agreement between experimental data and model predictions further supports
the hypothesis that the mechanical behavior of CNT Fibers is governed by their hier-
archical twist-induced helical structure. The proposed model represents a useful basic
framework for understanding and designing twisted-CNT-Fiber-based materials.

6.4 Discussion

Tensile experiments on pre-twisted CN'T Fibers show a decay in axial strength and
stiffness with increasing applied twist, accompanied by a substantial increase in duc-
tility. This trade-off is explained by considering, as confirmed by microscopy observa-
tions, that the fiber is composed of weakly bonded CNT clusters (fibrils). These are
parallel to each other in the untwisted state, and arrange into concentric helices upon
twisting. A model has been proposed, based on the axial strain mismatch in the fibrils
resulting from pre-twist. This causes them to become progressively engaged, from
the outer to the inner layers, as the fiber is elongated. This concept is demonstrated
using a macroscopic physical analogue made of nylon filaments. However, to accu-
rately reproduce the experimental results, it is necessary to account for the fact that
single fibrils exhibit an apparent increase in ductility when in a helical configuration.
Without this, the model would predict an ultimate elongation far below experimental
findings, with the discrepancy increasing at higher twist angles. To address this, a
parametric analysis using constitutive continuation models with various shapes has
been presented, concluding that plastic-like responses can provide excellent agreement
between the experimental data and theoretical predictions.

The enhanced elongation capacity of fibrils beyond the limit observed in untwisted
material is attributed to centripetal pressures induced by their helical geometry un-
der increasing tension. This confinement likely enhances the effective shear transfer
between the Carbon NanoTubes that form each fibril. Although this explanation
remains conjectural at present, it holds significant importance for the design of high-
performance structural cables made from CNT Fibers and merits further investigation
in future work.

Despite its limitations, this study provides a foundation for better understand-
ing load-sharing mechanisms in twisted CN'T Fibers, offering a basis for engineering
CNT-Fiber-based structures under combined loading conditions and for optimizing
their design. The findings establish a foundational framework for rationally designing
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6 — Effect of torsion on the mechanical properties of CNTFs and multi-fiber structures

advanced hierarchical structures since, by strategically controlling pre-twist, the prop-
erties of CN'T Fibers can be tailored, guiding the bottom-up engineering of superior
macroscale cables for structural applications. The results indicate that while the fun-
damental mechanics of twisted CN'T Fibers has been elucidated, the material exhibits
complex ductility behavior that warrants further investigation.

The work discussed in this chapter has been summarized in a manuscript submitted
to Soft Matter (Royal Society of Chemistry). The manuscript has undergone peer
review, and comments from the referees and the editor have been received.
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Chapter 7

Integration of CNTFs into Carbon
Fiber composites for enhanced
anti-intrusion performance

Carbon NanoTube Fibers represent an emerging class of reinforcement for advanced
composite materials, offering a unique combination of high strength, toughness, and
multifunctionality. Their integration into Carbon Fiber (CF) laminates is particularly
attractive for applications where both structural performance and additional function-
alities, such as electrical conductivity or energy absorption, are required. This chapter
presents a comprehensive experimental and analytical study on the development and
characterization of hybrid CNTF /CF composites, with a focus on anti-intrusion per-
formance for high-value applications in the automotive and aerospace sectors. The re-
search methodology followed a structured approach, beginning with a proof-of-concept
literature review and comparative analysis, progressing through parametric optimiza-
tion of baseline CF laminates, and culminating in the design, fabrication, and testing
of hybrid CNTF /CF specimens. The experimental campaign was specifically designed
to evaluate the penetration resistance of these novel hybrid composites simulating
anti-intrusion scenarios.

7.1 CNTFs vs. commercial fibers for structural re-
inforcement

The mechanical data reported for various reinforcement fibers are predominantly ex-
pressed in terms of tensile strength and stiffness. In these parameters, CNTFs ex-
hibit a remarkably wide range of values, primarily dictated by the specific production
method. For instance, wet-spun CN'TFs are typically characterized by functional prop-
erties rather than the superior tensile performance observed in dry-spun CNTFs [54,
136]. It is important to note, however, that the wet-spinning technique is continuously
achieving rapid technological progress [127].
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7 — Integration of CNTFs into Carbon Fiber composites for enhanced anti-intrusion performance

7.1.1 Material properties and performance potential

What makes CNTFs attractive for structural applications is their possession of dis-
tinctive bending, twisting, and shear characteristics that fundamentally differ from
those of conventional fibers: knot tests on 10-filament CNTF bundle (Figure 7.1) have
demonstrated exceptionally high shear and flexural strength, often retaining up to 70%
of their original tensile strength when knotted, as shown in Figure 7.2. Furthermore,
their pronounced ductility indicates a high degree of resilience, suggesting a strong
potential for applications requiring enhanced damage tolerance and impact resistance.

Figure 7.1. Magnification of a knotted untwisted 10 filaments CNTF bundles.

1.5

=
(==}
T

Specific strength (N/tex)

0.0

Twisted CNTF  Knot - twisted Untwisted CNTF Knot - untwisted
bundle CNTF bundle bundle CNTF bundle

Figure 7.2. Comparison of maximum specific strength values obtained from knotted,
twisted, and untwisted 10-filament CNTF bundles..
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7.1 — CNTFs vs. commercial fibers for structural reinforcement

Resilience, flexibility, and high shear resistance, render CNTFs compelling candi-
dates for advanced anti-intrusion applications. These characteristics are of paramount
importance in sectors where performance and safety justifies a higher material cost,
such as in motorsports and aerospace engineering.

A promising implementation involves the strategic integration of CNTFs as in-
terleaves between plies of conventional Carbon Fiber composites. This architectural
approach aims to develop next-generation anti-intrusion panels and energy-absorbing
structures with enhanced damage tolerance. A proposed strategy to enhance the crash-
worthiness of components like winglets involves the embedding of CNTF grids within
the composite laminate. This approach could mitigate the inherent brittleness of Car-
bon Fiber composites by promoting a transition in the failure mode. The CNTF grid
could potentially act as a bridging phase, inhibiting crack propagation and preventing
catastrophic shattering, thereby leading to improved structural integrity and energy
absorption upon impact. This is critically relevant for high-performance scenarios, in-
cluding Formula and IndyCar racing, where component failure poses significant safety
risks.

Furthermore, the multi-functional nature of CNTFs enables their use in systems
that concurrently bear structural loads and transmit data or electrical current. CNTF-
based cables can be embedded within a composite matrix to create integrated struc-
tural health monitoring networks or power distribution pathways, thereby reducing
system weight and complexity while adding smart functionality. This convergence
of structural and functional capabilities is particularly advantageous for aerospace
applications, such as in satellite shielding against micrometeoroid and orbital de-
bris (MMOD) impacts, where every component must be mass-optimized and multi-
purpose.

A comprehensive benchmarking of CNTFs against conventional high-performance
fibers, including Carbon Fibers (CF), aramid (Kevlar), and ultra-high molecular weight
polyethylene (Dyneema), was conducted, leveraging an extensive review of literature
and commercial datasheets [6, 124, 136, 147-160].

The analysis of high-performance fibers reveals a consistent trade-off between me-
chanical properties and practical limitations such as cost, environmental resistance, or
manufacturability. Carbon Fiber stands out for its versatile balance of specific strength
and stiffness, alongside good thermal and chemical resistance, though its brittleness
under impact and high production cost remain constraints. Similarly, Kevlar and
Dyneema offer exceptional tensile strength and durability, with the latter providing
superior strength-to-weight ratio and UV resistance, yet both exhibit vulnerabilities:
Kevlar to UV degradation and Dyneema to elevated temperatures. [147-153, 155, 298,
299]. More specialized materials like Zylon and Vectran demonstrate superior strength
and stability, but their high cost and susceptibility to UV radiation limit widespread
adoption. Quartz offers excellent thermal and chemical stability but suffers from high
density, while Glass Fiber provides a cost-effective alternative with good corrosion re-
sistance, albeit with penalties in weight and impact tolerance. Conversely, bio-based
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Fibers like Flax offer sustainability and biodegradability but are limited by lower me-
chanical strength and moisture sensitivity. Innegra, valued for impact resistance and
vibration dampening, fills a niche in hybrid composites but lacks the recognition and
absolute strength of established synthetic fibers. CNTF present unparalleled strength,
flexibility, electrical conductivity, and very high temperature resistance. [6, 136, 154,
156-160, 298, 299].

In summary, the selection of a high-performance fiber is inherently application-
dependent, requiring careful consideration of the specific mechanical, environmental,
and economic requirements. A comparison of specific strength (y-axis) versus modulus
(x-axis) across various high-performance fiber classes is presented in Figure 7.3 accord-
ing to the paradigm advocated by Ashby [300]. Unlike conventional high-performance
fibers, such as CF, Kevlar, and Dyneema, which occupy well-defined and clustered
performance ranges (indicated by the shaded areas), CNTFs exhibit highly scattered
values (the red shaded area). This significant variability across the CNTF data points
is directly related to the producer or research group, the specific fabrication method
(e.g., wet-spun vs. dry-spun), and the processing history. This wide scatter indi-
cates that the CNTF technology is still in a rapid development phase, unlike the
mature conventional fiber industry. Critically, the upper range of reported CNTF
performance, particularly those reaching above 4 N/tex in laboratory reports [136],
suggests an high potential. The experimental results from Seoul National University
and KAIST [136], published in Nature, are particularly notable, reporting a maximum
tensile strength of 4.44 N/tex and average values of 4.08 N/tex (indicated by the top
red line in the graph), effectively surpassing any other known fiber plotted in terms
of specific strength, including the highest-grade Carbon Fibers and Dyneema (e.g.,
T1100G and SK99). However, it is imperative to note that these outstanding re-
sults are derived from laboratory-scale experiments, and the high performance values,
while demonstrating ultimate potential, remain difficult to reproduce consistently on
an industrial scale, posing a key challenge for commercial market penetration.

7.2 Parametric optimization of Carbon Fiber lam-
inates

A systematic parametric study was conducted to establish the optimal baseline config-
uration for CF laminates before introducing CNTF reinforcement. The investigation
encompassed multiple variables to identify the most effective configurations for anti-
intrusion applications, including;:

e fiber type and modulus (standard, intermediate, high modulus);
e resin type (epoxy, thermoplastic, toughened resins);
e areal weight (gram/square meter - gsm) of the Carbon fabric;

e fiber-to-resin volume fraction;
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Figure 7.3. Comparison of specific strength versus specific modulus for CNTFs and
conventional high-performance fibers: Carbon, Kevlar, Dyneema, Zylon, Quartz,
Vectran, Glass, Flax, and Innegra [6, 124, 136, 147-160].

weave type (plain, twill, unidirectional);

fiber orientation and stacking sequence;

number of plies and total thickness;

curing cycle (temperature, pressure, dwell time).

The objective was to identify combinations of parameters that improve penetration
resistance while maintaining acceptable weight.

7.2.1 Testing protocol and evaluation methodology

To assess the anti-intrusion performance of the materials, penetration tests were carried
out and compared with reference data from conventional CF laminates. The measured
load was normalized by the indented lateral surface of the specimen, calculated as the
product of the laminate thickness and the indenter perimeter. This quantity, which
has the dimension of stress, represents an indicator of the out-of-plane shear stress
components 013 = 093, illustrated in Figure 7.4 for a representative unit cell of CF
2D laminated composite. This parameter will be denoted as og4;;.3 to emphasize that
it refers to the out-of-plane direction. To enable a fair comparison between materials
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1

Figure 7.4. Unit cell of a composite material and corresponding out-of-plane stress
components along the 1-3 plane.

g

Figure 7.5. MTS Insight 150 kN testing machine with dedicated fixture
for penetration tests.

with different densities, oq;.3 was further divided by the specimen density p, providing
a specific stress metric that allows performance evaluation on an equal weight basis.

Mechanical testing was performed using an MTS Insight 150 kN electromechanical
testing machine equipped with 250 kN hydraulic grips, a linear variable differential
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7.2 — Parametric optimization of Carbon Fiber laminates

transformer (LVDT) position transducer with a range of £300 mm and resolution of
0.001 mm, and a load cell with a capacity of £150 kN and resolution of 0.002 kN
(Figure 7.5). Tests were conducted at a constant displacement rate of 1 mm/min.

Figure 7.6. Experimental setup for penetration and out-of-plane shear tests.

The experimental setup for penetration resistance evaluation utilized a 35 x 35
mm? indenter pressing on specimens supported by a 45 x 45 mm? perforated plate
(Figure 7.6).

Force

\J

Stroke

Figure 7.7. Force-stroke curve of the small punch test with different zones [301].

This test can be traced back to the small punch test [302] commonly used for test
metallic plates. The typical force-stroke curve of the small punch test with different
zones is illustrated in Figure 7.7: Zone I describes the elastic properties of the ma-
terial. Zone II represents the transition between the elastic and plastic behavior of
the material. Zone III corresponds to the hardening properties of the material. Zone
IV describes the achieved maximum force as well as the initiation of softening in the
material. Zones V and VI reflect the development of the crack and the failure of the
specimen [301].
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7.2.2 Characteristics of composite materials

Composite laminates are obtained by stacking and curing multiple layers of prepregs,
i.e., fiber reinforcements pre-impregnated with a polymer matrix. The use of prepregs
ensures a controlled fiber-to-resin ratio, uniform wetting, and reproducible mechanical
performance. The following subsections describe the defining features of prepregs and
their relation to the properties of the final laminate.

Prepreg characteristics

The term prepreg refers to a reinforcement fabric made of continuous fibers pre-
impregnated with a partially cured thermosetting resin, typically an epoxy. This
semi-cured state allows the material to be handled, cut, and laid up before the final
curing process, where polymerization is completed under heat and pressure.

The nomenclature of a prepreg encodes its main constituents and structural char-
acteristics. For example, a designation such as C540 T800S 24K 2x2T ER451 36%
provides detailed information about its composition, as illustrated in Figure 7.8.

C 540 T800S 24K 2x2T ER451 36%
Fiber Areal Fiber Number of  Weaving Resin Resin
material weight commercial  fibers in pattern commercial percentage
name each tow name

Figure 7.8. Example of composite laminate nomenclature.

Fiber type The prefix identifies the reinforcement family:
e C: carbon fiber

K: aramid fiber (Kevlar)

Z: polymeric fiber (Zylon)

D: ultra-high-molecular-weight polyethylene fiber (Dyneema)
o G: glass fiber

Areal weight The numerical value (e.g., 540) indicates the areal weight of the dry
fabric in g/m? (mass per unit area of reinforcement).

Fiber designation The code (e.g., T800S) specifies the commercial grade and per-
formance level of the fiber. Manufacturers typically classify fibers as:

e HS (high strength) — e.g., Toray T300, T700;
e HM (high modulus) — e.g., Toray M40, M46.
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Tow size The indication 24K denotes the number of filaments in each fiber tow, i.e.,
approximately 24,000 filaments per tow. Tow size affects the architecture, porosity,
and final mechanical behavior of the woven fabric.

Weave pattern The notation (e.g., 2x2T) defines the interlacing geometry of fiber
bundles:

e unidirectional (UD): all fibers aligned in a single, parallel direction (0-degree
axis), not interwoven, typically held by a light stitching or binder.

e plain weave (PW): simple orthogonal interlacing,
e 2x2 twill (2x2T): diagonal pattern with two-over/two-under crossing,

e satin (5H): longer floats for smoother surfaces and higher drapability.

Resin system The resin code (e.g., ER451, 2573) identifies the commercial name
of the polymer matrix.

Resin content The nominal resin content, expressed as a weight percentage (e.g.,
36%), defines the proportion of polymer to fiber in the prepreg, influencing stiffness,
toughness, and interlaminar strength.

Laminate properties

A composite laminate results from stacking multiple prepreg plies, aligning them ac-
cording to a desired lay-up sequence, and curing under heat and pressure (typically in
an autoclave). The curing cycle, temperature, pressure, and duration, governs polymer
cross-linking and the resulting mechanical performance.

The number of plies directly influences laminate thickness, bending stiffness, and
out-of-plane behavior. Fibers in woven fabrics are generally oriented at 0° and 90°,
producing anisotropic in-plane properties. Different ply orientations (e.g., 0°/45°/90°)
can be adopted to homogenize the overall response.

It must be accounted that during curing, part of the resin is expelled due to com-
paction, slightly reducing the final resin content and laminate thickness.

Materials used in this study The composites investigated include:
e carbon-fiber laminates (T700, T800, T1100),
e hybrid carbon/Dyneema (C/D) laminates,
e Zylon-based composites,

e carbon/CNTF hybrid laminates incorporating CNT fibers as reinforcing ele-
ments.
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All layers of the tested composites are aligned in the same direction to isolate the
effects of layer orientation. These configurations were selected to compare the effects
of different parameters on anti-intrusion and out-of-plane performance.

7.2.3 Mechanical characterization

The fiber architecture was varied across standard, intermediate, and high-modulus
Carbon Fibers with different weave patterns (plain, twill, unidirectional) and areal
weights (from 200 to 400 gsm). Resin systems including standard epoxy, thermo-
plastic, and toughened formulations were evaluated at different fiber-to-resin volume
fractions (35-45%). Curing parameters were optimized through systematic variation of
temperature (80-180°C), pressure (3-6 bar), and dwell time (60-180 minutes). Stack-
ing sequence and ply orientation were methodically altered to maximize out-of-plane
properties.

Mechanical characterization confirmed that penetration resistance depends strongly
on matrix toughness and interlaminar shear properties, in addition to fiber strength.
The optimized baseline laminate was then selected as a reference system into which
CNTFs would be introduced.

Final break

Interlaminar crack

Load (kN)

0 1 1 Il 1
0 1 2 3 4 5

Displacement (mm)

Figure 7.9. Penetration test curve for C370 T800 2573 38% showing the iden-
tification of the first peak and the maximum peak. Tomographic analysis of a
test on a specimen interrupted at the first peak, highlighting resin cracking and
delamination fronts, while tomography of the broken sample show the details of
the completed delamination and fiber break.
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From the penetration test graphs (Figure 7.9), two distinct force peaks can typically
be identified in the response of the laminates. Accordingly, it is possible to define a
first-peak stress, gair 3, first, and & maximum stress, dqir 3, max-

The origin of the first peak was further investigated through tomographic analy-
sis of specimens interrupted at intermediate loading stages shown in Figure 7.9. In
addition, a dedicated rectangular specimen and a custom test fixture were developed
to directly observe the internal evolution of damage within the laminate as shown in
Figure 7.10.

The results clearly indicate that at the first peak the resin matrix undergoes crack-
ing, initiating delamination between adjacent plies. From that point onward, the resin
continues to fracture progressively, while the fibers sustain the load until the final
collapse. Thus, it can be concluded that the first-peak behavior is mainly governed
by the resin properties, whereas the final failure is predominantly influenced by the
strength of the fibers.

(b)

Figure 7.10. (a) Representative snapshots of the laminate behavior during intrusion,
showing crack initiation and delamination development, which are particularly evident
in (b) the magnified view of the crack initiation.

The curing cycle plays a crucial role in this specific application. A shorter curing
time leads to partial under-polymerization of the resin, resulting in a matrix that is less
brittle and more deformable. This increased ductility allows the composite to accom-
modate deformation more effectively and to absorb higher amounts of energy under
loading. Table 7.1 illustrates a representative example comparing two specimens cured
at 6 bar and at a temperature of 135 °C, for 90 and 180 minutes, respectively. The spec-
imen subjected to the shorter curing cycle exhibited noticeably higher performance,
confirming the importance of controlling curing conditions to optimize anti-intrusion
behavior.

The resin content is also a relevant parameter. Based on experimental results,
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Material Cycle time O dir.3, max/ P
(min) (MPa/(g/cm?))

C 370 T800 2573 38% 90 106.03

C 370 T800 2573 38% 180 91.13

Table 7.1. Effect of cycle time on composite material strength

lower resin fractions generally provided better overall performance, since the resin
contributes significantly to the weight while adding comparatively less to the me-
chanical strength of the laminate. Conversely, specimens with a higher resin content
exhibited higher values at the first peak, reflecting the predominant role of the matrix
in governing this stage of the response as shown in Table 7.2 and Table 7.3 for T800
ER451.

Material Effective resin O dir.3, max/ P
(%) (MPa/(g/cm?))

C 370 T800 ER451 36% 40 57.64

C 370 T800 ER451 36% 33 89.39

Table 7.2. Effect of effective resin content on composite material strength

Material Effective resin O dir.3, first/ P
(%) (MPa/(g/cm?))

C 370 T800 ER451 36% 40 29.3

C 370 T800 ER451 36% 33 18.2

Table 7.3. Effect of effective resin content on composite material strength at first peack

In Table 7.4, it can be observed that, when all other parameters are kept constant,
variations in the fiber areal weight do not produce a significant effect on the overall
mechanical performance. This can be explained by the fact that the areal weight scales
proportionally with the specimen mass; consequently, the specific out-of-plane stress
Odir.3,max/p Temains essentially unchanged.

Material Fiber areal weight O dir.3, max/ P
(g/m?) (MPa/(g/cm?))

C 370 T800 ER451 36% 370 89.39

C 540 T800 ER451 36% 540 88.09

Table 7.4. Effect of fiber areal weight on composite material strength
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(a) (b) (c)

Figure 7.11. Tested samples of (a) C 370 T800 2573 38%, (b) C/D 295 T700/SK99
ER432 43% and (c) Z 300 Zylon HM 2573 38% show different deformability.

Material Effective resin content O dir.3, max/ P
(%) (MPa/(g/cm?))
C 384 T700 ER450 34 61.4
C 630 T700 DT120 34 88.9
C 370 T800 ER451 33 89.4
C 280 T1100 2573 36 93.8
C 370 T800 2573 37 106.0
7 300 Zylon HM 2573 35 121.1
C/D 295 T700/SK99 ER432 37 149.8

Table 7.5. Comparative analysis of composite materials for quasi-static
punching resistance

In Figure 7.11, the deformation behavior of CF laminates is compared with that of
Zylon and hybrid Carbon-Dyneema laminates, which exhibits a much larger deforma-
tion capacity and reach significantly higher strength /density values. As a consequence,
the total energy absorbed is considerably greater. This trend is also confirmed in Ta-
ble 7.5, where the most representative laminates tested are reported.

Based on this detailed comparative analysis, it can be concluded that the most
suitable baseline for designing a CF-CNTF hybrid composite is the C370 T800 2573
38% system as the optimal balance of performance, manufacturability, and cost-
effectiveness for anti-intrusion applications.

7.3 Experimental methodology and results of CF-
CNTF hybrid composites

The experimental design required a careful definition of CNTF format (unidirectional
or woven fabric bundle or yarn based), the choice of appropriate CF reference materials,
and the optimization of stacking patterns.
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7.3.1 Specimen design and manufacturing

Due to the high cost and limited availability of CNTFs also the dimensions of the
specimen were optimized. A preliminary evaluation was performed to estimate the
necessary mass fraction for CNTF to produce measurable improvements, considering
the test setup. Square specimens of CNTF fabrics of at least 60 x 60 mm? of different
grammages (from 65 to 165 g/m?) were evaluated in order to balance cost efficiency
and performance.

Two distinct hybrid configurations were designed and fabricated for experimental
evaluation:

e Configuration A: 3 layers of C 370 T800 2573 38% + 1 layer 60x60 mm of
CNTF 140 gsm

e Configuration B: 3 layers of C 370 T800 2573 38% + 1 layer 70x70 mm of
CNTF 80 gsm

The composite specimens were fabricated using a square mold measuring 250 X
250 mm, divided into four quadrants. The lamination sequence consisted of one layer
of Carbon Fiber prepreg, specifically C 370 T800 24K 2x2T 2573 38%, followed by
a layer of compatible epoxy adhesive film (150 Unsupported AF163-2U 3M Red) to
ensure uniform resin impregnation of the CNTF fabric, which was positioned in the
first quadrant, with two additional layers of CF prepreg on top, as illustrated in
Figure 7.12.

Adhesive epoxy film 150
unsupported AF163-2U 3M Red
1 x C 370 T800 24K 2x2T 2573 38% 914mm + CNTF 2 x C 370 T800 24K 2x2T 2573 38%
e SRR 3 . o ; e

Figure 7.12. Lamination sequence for hybrid CF-CNTF composites showing layer
orientation and CNTF placement strategy.

The laminated structure was subsequently cured in an autoclave at a pressure of
6 bar, following a thermal cycle of 30 minutes at 80°C and 120 minutes at 135°C, as
depicted in Figure 7.13.
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Figure 7.13. Cure cycle parameters used for hybrid CF-CNTF composites.
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Figure 7.14. Specimen design and dimensions for penetration tests on hybrid
CF-CNTF composites.

Upon completion of the curing process, the laminate was removed from the mold,
and four test specimens were extracted via waterjet cutting with drilled holes accord-
ing to technical specifications (Figure 7.14). This process results in one specimen

169



7 — Integration of CNTFs into Carbon Fiber composites for enhanced anti-intrusion performance

containing a plain weave CNTF fabric (Figure 7.15(a)) and three specimens without
CNTF, which serve as a reference for comparative analysis, that were mounted in the
test apparatus as shown in Figure 7.15(b).

(a)

Figure 7.15. (a) Final specimen for penetration tests on hybrid CF-CNTF compos-
ites and (b) specimen mounting

In designing the test, the influence of the intruder’s shape on the mechanical re-
sponse of the material was considered, as investigated by [303]. Specifically, for the
case of a square-shaped punch, the geometry introduces unique stress concentration
effects at the corners, which can significantly affect the contact mechanics compared
to circular or other punch shapes. According to [303], the square punch’s sharp edges
lead to higher localized stresses, necessitating precise control of the punch’s dimensions
and alignment during testing to ensure accurate results. Despite these known stress
concentration effects, the square shape was chosen to comply with the testing proce-
dures outlined in the FIA (Fédération Internationale de I’Automobile) Regulations for
F1 anti-intrusion panels [304].

7.3.2 Mechanical performance enhancement

Comparative tests revealed that even with a CNTF mass fraction of approximately 5%,
the hybrid composites exhibited significant improvement in strength. Configuration
A (140 gsm CNTF) demonstrated a 20% increase in penetration resistance compared
to baseline CF specimens with only 6% increase in total mass, while Configuration B
(80 gsm CNTF) showed a 18% improvement, with only 4% increase in total mass as
illustrated in Table 7.6 and 7.7.

Analysis of the load-displacement curves presented in Figure 7.16(a) and 7.16(b)
reveals that hybrid specimens exhibit a higher ultimate peak load compared to non-
hybrid counterparts. The initial peak, instead, is significantly less pronounced. This
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Conf. A Odir.3,max/p  Force max Modulus Mass Thickness
(MPa/(g/em®))  (kN)  (MPa) (g  (mm)

CF only 92.6 22.1 46.2 17.0 1.3

CF + CNTF 110.7 28.1 59.4 18.1 1.4

DIFF 18.08 5.97 13.26 1.07 0.07

A 20% 27% 29% 6% 6%

Table 7.6. Comparison between CF-only and CF+CNTF hybrid samples
for configuration A.

Conf. B Odir.3,max/p  Force max Modulus Mass Thickness
(MPa/(g/em®))  (kN)  (MPa) (g  (mm)

CF only 83.2 20.8 47.3 17.9 1.2

CF + CNTF 97.4 25.5 55.6 18.7 1.3

DIFF 14.27 4.69 8.28 0.80 0.05

A 17% 23% 18% 4% 4%

Table 7.7. Comparison between CF-only and CF+CNTF hybrid samples
for configuration B.

behavior suggests that the hybrid specimens possess enhanced resistance to deforma-
tion under increasing load, likely due to the synergistic interaction of their constituent
materials, which contributes to greater structural integrity at higher loads. These ob-
servations underscore the importance of material composition in optimizing mechanical

performance for specific applications.

30 30
— CF = CF
—— CF+CNTF —— CF + CNTF
~ 20 > 20
) 2
E E
= 10 — 10
0 1 1 1 0 1 1 1
0 1 2 3 4 0 1 2 3 4
Displacement (mm) Displacement (mm)

(a) (b)

Figure 7.16. Comparative load-displacement curves for baseline CF and CF+CNTF,
(a) specimens A (b) specimens B.

Direct observation on the broken samples shown in Figure 7.17 revealed distinct
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7 — Integration of CNTFs into Carbon Fiber composites for enhanced anti-intrusion performance

Figure 7.17. Comparison of penetration test results of specimen A (a) with and
(b) without CNTF integration.

failure mechanisms between conventional CF and hybrid specimens. While pure CF
laminates exhibited brittle fracture with extensive fiber breakage, the CNTF-reinforced
specimens showed more progressive failure with enhanced delamination resistance and
fiber bridging effects.

7.4 Discussion and perspectives

Beyond mechanical reinforcement, CNTFs exhibit significant electrical conductivity,
with volume resistivity approaching that of copper. This enables their use as embedded
sensors for structural health monitoring and as distributed heating elements for de-
icing in different applications. Table 7.8 compares the electrical resistivity of CNTF,
CF, and copper for a 1 cm wire segment of 1 g mass.

Measuring the electrical resistance of CNTF networks, integrated in composite
components, under applied load, allows in-situ strain monitoring and creating struc-
tural-electronic hybrid components. CNTFs can be directly integrated within com-
posite structures without dedicated wiring channels, preserving structural integrity,
replacing embedded copper cabling, providing weight savings and design simplifica-
tion while serving as conductive pathways for integrated sensors. Additionally, CNTF
layers can provide electromagnetic interference shielding, combining structural rein-
forcement with EMI protection. These properties enable multifunctional composites
that integrate mechanical performance with sensing, communication, and energy man-
agement capabilities.

Such integration opens the way to novel structural-electronic hybrid components,
particularly appealing for aerospace and automotive applications where load-bearing
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7.4 — Discussion and perspectives

capacity must coexist with sensing, communication, or energy management function-
alities. For instance, CNTFs embedded within a wing element could simultaneously
provide structural reinforcement, power transmission, and strain sensing capabilities.

Parameter CNTF CF Copper
Mass [g] 1 1 1
Density [g/cm?] 1 1.8 8.96
Volume [cm?] 1 0.556 0.112
Length [cm)] 100 100 100
Cross-section [cm?] 0.01 0.00556 0.00112
Resistivity [2-cm]  3.13x 107° 1.60 x 107% 1.68 x 10~°
Resistance [()] 0.3125 28.8000 0.1505

Table 7.8. Comparison of electrical resistance for 1m of wire with a mass of 1g.
Data for CNTF and CF were experimentally measured from the available materials,
while the value for copper was obtained from publicly available sources [305].

The experimental investigation demonstrated that strategic integration of CNTF
layers into CF composites significantly enhances anti-intrusion performance, with mea-
sured improvements of 18-20% in penetration resistance for only 4-6% mass increase.
This performance enhancement derives from the shear and bending properties of
CNTFs, which complement the tensile-dominated performance of Carbon Fibers.

The demonstrated performance benefits justify further research for high-value ap-
plications where weight savings and safety are critical.

These features, plus the multifunctional capabilities, make CNTFs a candidate for
future generations of lightweight structural composites, particularly in high-end sec-
tors. Ongoing developments in CNTF manufacturing are expected to substantially
optimize their large-scale production, reduce costs, while improving property consis-
tency.
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Chapter 8

Conclusions

This doctoral dissertation has presented a comprehensive multiscale investigation into
the mechanical behavior of Carbon NanoTube Fibers (CNTFs), pursuing a bottom-up,
micro-to-macro approach. The research has successfully integrated theoretical model-
ing, extensive experimental validation, and manufacturing innovation to bridge the gap
between the properties of individual Carbon NanoTubes (CNTs) and the macroscale
performance of structural elements like yarns, ropes, and advanced composite materi-
als. The ultimate goal was to establish a systematic understanding and provide reliable
predictive tools for the design of next-generation, lightweight, high-performance mate-
rials for demanding applications in sectors such as structural, electronic, automotive,
aerospace, and defense.

The research journey began at the nanoscale, with the development of a refined
micromechanical model to predict the effective tensile stiffness of CN'TFs. This model,
unlike previous approaches that assumed CNTs to be axially rigid, accounts for their
compliance, as well as for critical nanoscale phenomena such as misalignment, van der
Waals interactions, and cross-linking effects. The governing mechanics were described
by a delayed-advanced differential equation, solved numerically, which demonstrated
that neglecting CN'T compliance leads to an overestimation of the fiber’s macroscopic
stiffness. The micromechanical framework developed in Chapter 3 relies on the shear
stiffness k of van der Waals interactions, a parameter that is highly dependent on
various chemical and geometric factors. While the adoption of k = 0.1 MPa provides
a reasonable starting point based on available literature, it introduces some uncer-
tainty that warrants further investigation in future work. Additionally, the model
assumes a perfectly square lattice arrangement of CN'Ts, whereas SEM images reveal
a more disordered morphology with defects. This idealization, while necessary for
computational tractability, represents a simplification that could be refined through
statistical mechanics approaches incorporating disorder and defect distributions. The
linear approximation used for nanoscale interactions, though validated within the elas-
tic regime, would benefit from extension to capture nonlinear behavior and improve
failure predictions. Despite these opportunities for refinement, the model’s predictions
show excellent agreement with experimental data, confirming its accuracy and practi-
cal value, especially as manufacturing technologies advance towards producing longer
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CNTs.

The investigation then scaled up to the meso- and macro-scale, addressing the
complex mechanics of twisted structures. A theoretical framework based on differential
geometry was established to model twisted rods and multi-ply yarns. To validate
these analytical formulations, an experimental campaign was conducted on a surrogate
system of twisted rubber filaments. This investigation yielded a crucial insight: twisted
yarns harbor a significant eigenstress state in their reference, balanced configuration,
characterized by a high residual twist dictated by the ratio of bending to torsional
stiffness. This intrinsic twist was found to produce a noteworthy stiffening effect on
the constituent rods, a phenomenon that proved essential for accurately predicting the
tensile response of the final yarn assembly.

Building on these foundational insights, the focus shifted to the modeling and man-
ufacturing of yarns made from actual CNTFs. A yarn-making kinematic model was
developed, enabling the production of CNTF yarns with tailored properties for me-
chanical testing. Experimental results identified an optimal twist level for maximizing
CNTF bundle strength, although it was coupled with a decrease in stiffness. The model
was consequently designed to replicate this optimal twist in the yarn’s constituent
bundles to improve its overall mechanical properties. These findings were synthesized
into a comprehensive geometric-kinematic model and implemented in a software tool
capable of simulating the yarn-making process and predicting the optimal machine
parameters to achieve peak performance consistently. Long-term performance charac-
terization revealed important considerations for structural applications. Creep tests
demonstrated that CNTFs exhibit time-dependent behavior under sustained loading;
at 67% of ultimate tensile strength, continuous strain accumulation was observed. This
behavior highlights the need for further investigation to establish appropriate safety
margins and develop predictive models for long-term reliability. Understanding creep
mechanisms in CNTFs represents an essential step toward their use in load-bearing ap-
plications where sustained stresses are anticipated. Additionally, the ratio of bending
to torsional stiffness ( B/A) in CNTF bundles was found experimentally to vary with
twist level, deviating from the classical Kirchhoff rod assumption of constant material
properties. This suggests that twisted CNTF bundles exhibit more complex mechan-
ical behavior than conventional homogeneous elastic rods, presenting an interesting
direction for advanced modeling approaches. The optimization model currently relies
on empirically fitted relationships, which capture the observed behavior effectively but
could be further strengthened through integration with fundamental micromechanical
principles. Developing such connections would enhance the model’s generalizability
and extend its applicability to a broader range of CNTF configurations and processing
conditions. Despite these opportunities for further development, the application of the
kinematic model resulted in a tangible 14% improvement in the mechanical proper-
ties of the produced yarns, confirming the initial hypothesis. Furthermore, post-twist
hardening treatments were successfully employed to recover the initial stiffness lost
during the twisting process, enhancing the overall balance of properties in the final
yarn.
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A deeper microscopic analysis revealed that CNTFs are themselves hierarchical
structures, composed of smaller, tightly-bound CNT clusters or fibrils. Pre-twisting a
single CNTF reorganizes these fibrils into a helical architecture, creating a strain mis-
match between the concentric layers. A model was proposed based on the mechanism
of progressive cluster engagement, where outer fibrils bear load earlier than inner ones.
This mechanism successfully explains the experimentally observed mechanical trade-
off in twisted fibers: a reduction in stiffness and strength, coupled with a remarkable
enhancement in ductility and failure strain. This principle was validated through a
macroscopic physical analogue constructed from nylon filaments. Several experimen-
tal observations suggest opportunities for model refinement. The marked ductility
enhancement in twisted CNTFs (Chapter 6) was captured using different constitutive
continuation models, indicating that the underlying mechanism would benefit from
more detailed micromechanical characterization. While microscopy suggests enhanced
lateral confinement as a contributing factor, a comprehensive mechanistic description
at the fibril scale remains an open avenue for future research.

Finally, the thesis explored the integration of CNTFs into practical structural ap-
plications by creating hybrid composite laminates. CNTF interlayers were strate-
gically incorporated into optimized Carbon Fiber (CF) laminates to enhance their
anti-intrusion performance. Experimental testing demonstrated that the inclusion of
a small mass fraction of CNTFs (4-6%) led to a significant 18-20% increase in penetra-
tion resistance. Beyond structural reinforcement, the intrinsic electrical conductivity
of CNTFs opens avenues for multifunctional applications, such as embedded sensors
for structural health monitoring or integrated wiring, adding significant value to the
composite structure. To fully characterize the potential of CNTF-reinforced laminates
in protective applications, future work should extend the testing regime to high-rate
dynamic conditions. While the quasi-static penetration tests (1 mm/min) provided
valuable insights into the underlying reinforcement mechanisms, realistic anti-intrusion
scenarios involve impact velocities orders of magnitude higher. Characterizing the
strain-rate dependence of these hybrid composites would provide important validation
of their performance under actual impact loading conditions and enable more confident
predictions for applications.

In conclusion, this research establishes a foundational framework for CNTF me-
chanics and demonstrates promising performance enhancements across multiple scales,
from individual fibers to structural composites. While the work has successfully
achieved its primary objectives, it also opens several important avenues for future
investigation that will further strengthen the path from laboratory demonstration to
industrial application. Building on the insights gained, several research directions
emerge as natural next steps. To advance predictive capability, the development of a
comprehensive multi-scale model would be valuable, one that accurately bridges single-
fiber mechanics to bundle-level and ultimately yarn-level behavior. A refined constitu-
tive framework incorporating key micromechanical phenomena—such as torsional and
bending stiffness of individual fibers and bundles, inter-filament frictional effects, and
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material viscosity—would extend the current models beyond linear elasticity. The mi-
cromechanical origins of the enhanced ductility observed in twisted fibrils merit deeper
investigation, as understanding this mechanism could enable the design of yarns with
tailored toughness properties. Further characterization efforts would strengthen the
framework’s applicability to industrial contexts. Direct nano-mechanical characteri-
zation of van der Waals interactions, advanced multi-physics modeling, and extended
creep and fatigue testing would refine model parameters and enhance long-term per-
formance predictions. Dynamic validation at realistic strain rates would confirm the
composite reinforcement benefits observed under quasi-static conditions, while com-
prehensive safety and toxicity assessments would address regulatory requirements for
widespread adoption. At the composite level, continued optimization of CNTF layer
architecture could maximize synergistic effects with traditional reinforcements, while
advancements in manufacturing processes, guided by the established modeling prin-
ciples, will continue to reduce costs and improve property consistency. By pursuing
these research directions through rigorous experimental and theoretical work, the sci-
entific community can build upon this foundation to develop increasingly reliable and
competitive CNTF technologies for the next-generation applications they promise to
enable.
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Appendix A

Computational algorithm for
helical wire configuration

Consider a helical winding configuration consisting of m wires of radius R, (outer
radius) wound around a central wire or cylindrical void of radius R; (inner radius).
The winding follows a helical path characterized by a helix angle . The objective
is to determine the ratio R;/R. that satisfies the geometric constraints of tangency
between adjacent wires.

For computational convenience, the outer radius is normalized to unity: R, = 1.
Consequently, the ratio R;/R, reduces to R; itself.

The algorithm begins with an approximate analytical estimate of the inner radius
based on the following geometric relationships:

by = tan(«) (A.1)
by = tan (a — 527T> (A.2)
27

_ A.
601 1 — bl/bg ( 3)
6., =" (A4)

by
902

0y = |— "= A.

0 cos(a—w/Q)‘ (A.5)

RO — _ fe (A.6)
© sin(0o/(2m))/ (1 = sin(6o/(2m)))
where b; and by, represent helix pitch parameters, #.; and 6. are intersection an-
gles between the axial helix and its complementary helix, and 6, is the associated
circumferential angle.
The initial estimate is refined through an iterative process. At each iteration
k=2,3,...,p (where p is the precision parameter), the algorithm solves the following
nonlinear constraint equation:
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2.2
R2r

@ cos(t) + (r — ReJ 1-— b2t2(62+r2)) sin(t)

r ™
= tan (m> (A7)
b2t2(b2 4 r2) bt
(7“ - RGJ 1— W) COS(t) - 7 Sln(t)
where:
r=R;+ R. (mean helix radius) (A.8)
b=rtan(a) (helix pitch) (A.9)

This constraint equation enforces the geometric tangency condition between adja-
cent wires in the helical configuration.

Algorithm Description

Algorithm 1. Helical Radius Ratio Calculation

Require: Helix angle o, number of wires m, precision parameter p > 3
Ensure: Radius ratio R;/R.
1: Set R, < 1 (normalization)

2: Compute initial estimate R§°) using equations (A.1)—(A.6)
3: for k =2 to pdo
solution <— NaN
while solution is NaN do
Compute r = R; + R, and b = r tan(«)
Solve equation (A.7) for ¢ using numerical root-finding
Store solution in solution
10: end while
11: R, + R;+107*
12: end for
13: return R;/R. = R;

Implementation Notes

e The algorithm employs a bracketing approach where R; is decremented by 10~%
at iteration k£ until the constraint equation (A.7) admits no solution, then ad-
justed by +107*.

e The numerical solution of equation (A.7) is obtained using the fzero function
in MATLAB, with an initial guess of t = 0.001.
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e The precision parameter p controls the accuracy of the solution. Higher values
of p yield more accurate results at the cost of increased computational time. A
minimum value of p = 3 is recommended.

e The normalization R, = 1 simplifies the computation without loss of generality,
as the problem is scale-invariant.
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