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Abstract
Auxetics are the materials and structures that display a negative Poisson’s ratio.
Differing from the common materials which tend to be thinner when stretched,
auxetics will actually expand in the transverse direction upon stretching. This novel
and counterintuitive behaviour allows auxetics to exhibit a series of improved material
properties, such as increased shear stiffness, higher energy absorption, enhanced
acoustic behaviour and superior indentation resistance, compared with conventional
positive Poisson’s ratio materials. Thus, in the past three decades, auxetics have gained
great popularity in research and numerous studies have been conducted to explore the
nature of them. However, none of auxetic braided structures has been reported among
the considerable number of auxetic materials and structures proposed, fabricated, or
synthesized in the previous studies. The study on structural characterization,
manufacturing process and structure-properties relationships of auxetic braided

structures are still lacking.

This study then was set to introduce auxetic effect into the field of braid, notably the
field of tubular braid. The aims of this study were to propose novel tubular braided
structures with negative Poisson’s ratio, to explore the nature of their deformation
mechanism and to investigate the effect of the structural parameters on the auxetic
behaviour of developed braid. In order to reach the above goals, several types of
auxetic braids were designed and fabricated using a standard or modified circular
braiding technology. In the meantime, preliminary experimental investigations were
conducted on those fabricated auxetic braids in order to evaluate and confirm the
negative Poisson’s ratio effect of them under tensile conditions. To examine the
influence of the structural parameters on the auxetic behaviour of developed braid, a

theoretical analysis on structure-property relationships was also adopted besides the



experimental investigation. Based on the established analytical model, the Poisson’s
ratio of the structure at any given longitudinal strain can be calculated, and the effects
of three structural parameters, i.e., the initial wrap angle, component yarns diameter
and the Poisson’s ratio of component yarns, on auxetic behaviour are studied. With
conducted experimental investigation and theoretical analysis, it is possible to

optimize the developed structure for desired performance criteria.

It is expected that such a study could shed light on the development of the auxetic
braided structures and provide an alternative way to fabricate auxetics from positive
Poisson’s ratio materials. Meanwhile, the developed new kinds of auxetic braids may
solve the problems of unsolid knots that exist in currently commercialized medical

sutures, shoelaces or secure threads.
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CHAPTER 1 INTRODUCTION

1.1 Motivation of the research

Braid is a minor and yet distinctive form of textile fabric which consists of three or
more flexible materials interlaced diagonally with each other. The form of braided
products can be linear fabrics (ropes and cables), curved or solid fabrics (three-
dimensional preforms for composites) with constant or variable cross-sections as well
as fabrics of closed or open appearance [1]. By virtue of its diagonal network
architecture, braided fabrics have exhibited improved dimensional stability, impact
resistance, torsional integrity and energy absorption. As a result, braided fabrics,
which have thousand years history, are still prevalent in various applications. However,
in some specific situations currently existed braided products failed to meet the needs
perfectly due to their positive Poisson’s ratio values. For example, braided sutures
with positive Poisson’s ratio have a problem of the unsolid knot when use and could
result in a secondary infection. Based on that, a thought is to tailor the Poisson’s ratio
of braided sutures into negative values so that the structure can expand in the

transverse direction when stretched and therefore resulting a solid knot.

Materials with negative Poisson’s ratio are termed auxetic materials [2] and have
gained increasingly scientific interest over the past three decades due to their unique
features. Besides the counterintuitive behaviour under loading, the negative Poisson’s
ratio also leads to the enhancement of a series of material properties, such as increased
shear stiffness, enhanced fracture toughness, superior indentation resistance [3, 4],
improved acoustic behaviour [5] and synclastic curvature on out-of-plane flexure [6].
Thus, it is reasonable to expect that braided products with negative Poisson’s ratio

may also have potential applications in civil engineering, aerospace and transportation



industries besides the medical applications mentioned before. However, in contrast to
the achievement of negative Poisson’s ratio in textile fibers [18, 24, 25], yarns [19, 26,
27], knitted and woven fabrics [21-23, 28, 29], the development of auxetic braid is
lagging. Currently, only conventional positive Poisson’s ratio braided rods have been
utilized to manufacture an auxetic composite. The research and studies on developing
truly auxetic braid, i.e., the braid itself exhibiting a negative value of Poisson’s ratio,
are still lacking. Therefore, the production of an accessible auxetic braid is needed

both in academia and in industry.

1.2 Objectives

Given the above, this study was aimed at developing novel kinds of braided structures

exhibiting negative Poisson’s ratio with the following specific objectives:

1). todesign and fabricate the novel braided structures with negative Poisson’s ratio;

2). to experimentally examine the negative Poisson’s ratio behaviour of developed
braided structures and investigate the effects of parameters on their negative
Poisson’s ratio behaviour.

3). to theoretically predict the negative Poisson’s ratio behaviour of developed
braided structures and analyze the effects of parameters on their negative
Poisson’s ratio behaviour.

With the successful completion of this study, several types of braided structures

exhibiting negative Poisson’s ratio will be fabricated, with their tension deformation

mechanism identified and manufacturing process described. The relationships
between structural parameters and Poisson’s ratio can be established. On the other
hand, the conducted study is helpful to the further development of various auxetic
braided structures and to optimize braided structures with negative Poisson’s ratio for

desired performance criteria.



1.3 Methodology
In accordance with above specific objectives, both experimental and theoretical
approaches have been adopted. A flowchart in Figure 1.1 summarizes the research

methodology used to address stated objectives.

Software and Instruments Methods Objectives
Standard or modified Fabrication of braid

N T AT raidine ine — 5 S & Som— g % A . s
I Conventional braiding machine | circular braiding technique with negative Poisson’s ratio

I Instron 5944 tensile tester |

—— | Tensile tesing

5 = 5 L__ | Poisson’s ratio measurement
| CMOS camera + Computer |

_I Digital image processing |

2 - -
| Matlab 2017a | The influence of structural parameters

on Poisson’s ratio of developed braid

Theoretical modelling]

Figure 1.1 Flowchart of overall methodology.

To design and fabricate the braided structures with negative Poisson’s ratio, a review
of literature related to the past work in fields of Poisson’s ratio, materials with negative
Poisson’s ratio and braiding technique was conducted. The definition, the physical
significance of Poisson’s ratio; the typical textile structures with negative Poisson’s
ratio, such as helical auxetic yarn structure [7], auxetic weft and warp knitted fabrics
[8-11] and auxetic woven fabric [12-14] as well as the technique and features of
braiding process and braided structures were surveyed in order to have a solid
background knowledge of developing novel auxetic braids. Given above, two
approaches, including wrapping or inserting extra stiff yarns onto the tubular braided
structure according to specific geometry designs and employing both stiff and elastic
yarns in the tubular braided structure, were employed to develop novel auxetic braids.
These designed auxetic braided structures could be manufactured using a standard or

modified circular braiding technology.

To experimentally examine the negative Poisson’s ratio behaviour of novel braided



structures, samples produced for these structures were tested under a proper condition
on an Instron 5544 Universal Testing Machine equipped with 2.5 cm x 2.5 cm face
size mechanical jaws (Instron Worldwide Headquarters, Norwood, Massachusetts,
USA). For assessment of the negative Poisson’s ratio behaviour, an in-situ photograph
system consisting of a high-resolution CMOS camera and a computer was employed
at the same time. By using this system, a photograph of the tested sample was taken at
every 1% elongation during the stretching process. These obtained photos were used
to calculate the transversal strain of the sample at every 1% elongation. Eventually,
with the calculated transversal strain and the longitudinal strain read from the tester,
the Poisson’s ratio of the sample can be obtained. On the other hand, to experimentally
investigates the effects of parameters on negative Poisson’s ratio effect, samples of
two selected representative structures, which have different yarn combination and

structural parameters were produced and were tested using above method.

To theoretically predict the negative Poisson’s ratio behaviour of developed braided
structures and analyze the effects of parameters on their negative Poisson’s ratio
behaviour, an analytical model was established based on the geometry relationships
existed in the structure. The accuracy of the model was validated by comparing its
results with the experimental data obtained in the experimental study. With the model,
the Poisson’s ratio of structure at any given tensile strain could be calculated and thus
could be used to evaluate the influence of parameters on the negative Poisson’s ratio
behaviour as well as optimize the developed braided structure for desired performance

criteria.

1.4 Thesis outline
Chapter 2 reviews the achievements and presents limitations and gaps of earlier work

4



in the relevant disciplinary areas so as to present the general understanding of
background. This determines knowledge gaps and identifies research objectives and

significances.

Chapter 3 presents the design and fabrication of novel braided structures with negative
Poisson’s ratio effect. Two approaches, i.e., wrapping or inserting extra stiff yarns onto
the braided structure according to specific geometry designs and using both stiff and
elastic yarns in the braided structure, were employed to fabricate two types of braided
structures with negative Poisson’s ratio effect. The geometry, deformation mechanism
and manufacturing process of these structures are introduced and described in this

chapter.

Chapter 4 presents a preliminary experimental study on the developed six auxetic
braids. The experimental investigation on negative Poisson’s ratio behaviour of them
as well as on the effects of parameters on their negative Poisson’s ratio behaviour are

presented in this chapter.

Chapter 5 focuses on the theoretical analysis of the developed six auxetic braids. The
analytical model established in this study in order to predict the Poisson’s ratio of
auxetic braided structure under extension were presented and described in this chapter.
The effects of identified parameters on the Poisson’s ratio of the structure were

discussed using the results calculated from the established model.

Chapter 6 presents general conclusions, contributions, limitations and suggestions for

future work based on this study.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This chapter reviews the literature relevant to the objectives of the study. It firstly
draws upon the literature dealing with Poisson’s ratio in order to give an overview of
its definition and its significance in the development of materials. Following that
typical textile materials and structures with negative Poisson’s ratio were surveyed.
The geometry features, manufacturing process and auxetic behaviour of them were
highlighted. Finally, the basic features of braiding technology and braided structures
are also covered so that it can serve as the background knowledge of developing
tubular braided structures with negative Poisson’s ratio. The purpose of this chapter is
to address the research gaps between the existing literature and the primary objectives

of this study and to stress the significance of conducting such a study.

2.2 Poisson’s ratio
2.2.1 Definition of Poisson’s ratio
Poisson’s ratio (PR), named after Siméon Denis Poisson [15, 16], is the ratio between

the transverse contraction strain and the longitudinal extension strain in an elastic

. .. . . . . . . &
loading condition. Considering the sign of strains, Poisson’s ratio v = — —answerse.

Slongitudinal.
The engineering strain ¢ is the change in length AL divided by the original length

AL . . a .
L, e= — In practice, the Poisson’s effect can be easily visualized by stretching a

rubber band and observing the transverse deformation, which is contraction.

2.2.2 Poisson’s ratio and materials’ properties

Poisson’s ratio is intimately connected with the way structural elements are packed



and therefore Poisson's ratio is highly related to the elastic properties of the materials

[17, 18]. Based on the elasticity theory [19-21], isotropic materials with properties

range from ‘rubbery’ to ‘dilatational’, from ‘elastic’ to ‘stiff” are all contained within
) ) ) 1 )
the small narrow numerical bounds of the Poisson’s ratio —1 <v < . This means

materials with different value of Poisson’s ratio v can act a very differently
mechanical behaviour under the stress or tension. For example, according to the

Milton map illustrated in Figure 2.1 [22, 23], rubber and most liquids which have a

Poisson’s ratio v — %, are extremely incompressible. Slightly reduced the value of

) ) 1 . o

Poisson’s ratio to a value of " materials can be compressed but still stiff, such as

ceramics and glasses. In contrast with that polymers are compliant and yet share a
. 1 ) )

similar value of v = > If we further reduce the Poisson’s ratio to a value of near —1,

materials become extremely compressible. Thus, by studying the Poisson’s ratio, an
intuitive concept of the mechanical behaviour of materials when exposed to a loading
can be gained. On the other hand, the physical significance of the Poisson’s ratio is not
only existed in its relationships with the elastic properties but also remained in its
influence on other properties, including densification [24], connectivity [25], ductility
[26, 27] and wave speeds. As a result, researcher has reconsidered the roles of
Poisson’s ratio recently and attempted to develop novel materials and structures with

desired properties by tailoring the magnitude of the Poisson’s ratio.
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Figure 2.1 Interrelations between Poisson's ratio and elastic properties [22].

2.2.3 The positive side of being negative.

Poisson’s ratio of any value within the thermodynamically admissible domain may be
attained in materials and structures. Especially for those materials and structures with
negative PR (termed auxetics [2]), they have gained increasingly scientific interest
over the past three decades due to their counterintuitive behaviour under tension, i.e.,
they tend to be expanded when stretched and contract when compressed (Figure 2.2).
At the same time, this behaviour has provided them with a unique synclastic curvature
on out-of-plane flexure and a series of enhanced material properties, such as enhanced
acoustic behaviour [3] and superior indentation resistance [3, 4], higher energy
absorption [5] and increased shear stiffness [28], compared to conventional positive
Poisson’s ratio ones. Figure 2.3 illustrates the different reaction between non-auxetic
materials and auxetic materials when an object was hitting on them. These special
features have opened up broader commercial exploitation routes of auxetic materials
and structures and auxetics may have potential applications in sportswear, filtration
materials, artificial vascular, fasteners [29], etc. Therefore, tremendous efforts have
been made in finding, fabricating and studying materials and structures with negative
PR in the past 30 years [3-5, 7-9, 11, 12, 18, 23, 28-106]. In the following sections,

the auxetic materials and structures in the textile field will be reviewed as the braid is
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one of the textile structures manufactured from textile techniques.
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Y 00 i' ______________
1 L I I
! ! L )|
=3 oL ] | |
o0 o0 1 |
b oo o o ———— -l
g & o8 O
When compressed When compressed
¢ 4 ¢ 0
P i I UL
' |
] I » ] «
»[; ;:I« (EESssnos :
4 4 4 4
| S -1
3 8 3 O
Materials with positive Poisson’s ratio Materials with negative Poisson’s ratio

Figure 2.2 The schematics for the deformation of 2D materials under uni-
longitudinal load: (a) materials with positive Poisson’s ratio; (b) materials with

negative PR.

(a) (b)

Non-auxetic Auxetic

N 3

Figure 2.3 When an object was hitting on the material: (a) a non-auxetic material
immediately flows away in the lateral direction; (b) an auxetic material flows into

the region of the impact rather than flow away [99].

2.3 Textile materials and structures with negative PR

2.3.1 Auxetic fibers

The development of auxetic textile materials and structures started around fifteen
years ago and began with the fundamental blocks of the textile, i.e., the fibers. In 2002,
by using a continuous partial melt extrusion technique, Alderson et al. [96] firstly
produced polypropylene fibers with a Poisson’s ratio low to -0.6 (Figure 2.4a). After

that, other auxetic polymeric fibers, such as auxetic polyester fibers and polyamide
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fibers [41] were invented and developed using the same manufacturing and production
method. Based on the video-extensometer and micro-tensile testing, the Poisson’s
ratios of them were found to be in a range of —0.15 <v < —0.75. Figure 2.4b
compares the Poisson’s ratio between auxetic polyester fibers and conventional

positive Poisson’s ratio polyester fibers.
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(b) 0.008 -

Mikk Conventional &

-0.004 . . | 1

0 0.002 0.004 0.006 0.008
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Figure 2.4 The Poisson’s ratio of auxetic fibers: (a) auxetic polypropylene fibers; (b)

auxetic polyester fibers and conventional positive Poisson’s ratio polyester fibers.

According to the study conducted by Caddock and Evans [63], it was believed that the
negative PR of these auxetic polymeric fibers originates from the nodule-fibril
network structure existing in expanded polymeric powders. As shown in Figure 2.5a,
this nodule-fibril network structure is formed by a semi-infinite regular array of rigid
rectangular nodules interconnected by fibrils, of which highly ordered (i.e., crystalline)

material are consisted. When stretched the hinging of fibril part will cause the nodule
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translation, resulting in an opening of the structure and negative PR (Figure 2.5b). In
this theory, it is important to obtain fibrils that are long enough to be able to work
cooperatively with the nodules to produce the auxetic effect.

(b)

Initial state
R
When slrclchcd'
y
RS =

L I R |

Figure 2.5 Nodule-fibril network structure in auxetic fibers: (a) schematic diagram of
nodule—fibril model in the polypropylene polymer [96]; (b) expansion of nodule—

fibril under tension [63].

On the other hand, Ravirala et al. develop an analytical rough particle model based on
a structure of interlocking rigid hexagons in order to analyse the mechanism that is
responsible for the auxetic manner and the negative PR of these fibers. As shown in
Figure 2.6, the basic geometry in this theory is constructed by two kinds of the curved
contact in trimers; one is the rectangular female keyway between two adjacent small
discs and the other is a rectangular male key between three discs on the hexagon edge.
When stretched, the rectangular female keyway is ‘soft’ and thus are likely to lead to
trimer rotation and translation while the rectangular male key is ‘hard’ and thus can
connect each part closely. The overall deformation mechanism of them then gives rise
to the auxetic manner and a negative PR. Based on that analytical model, the Poisson’s

ratio of these fibers can be expressed as

. _1 _ cosa(lz+licosa+a)
Vey = Vyxr = —

@2.1)

l;sin2 a+acosa
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This Equation makes it clear that when 0 < a < 90° an auxetic behaviour is displayed

in auxetic fibers with possible interlocked hexagon structures.
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Figure 2.6 Fully densified (left) and expanded (right) hexagonal interlocked
structures. The coordinate system, a unit cell (dashed box) and geometrical

parameters are indicated.

Auxetic fibers are highly attractive as they can be fabricated into yarns and fabrics
while the auxetic behaviour is maintained. These products then can be utilized in
personal and sports protective applications [107] such as bulletproof vests, helmets
and shin pads, biomedical applications [108] or medical application, such as smart
wound-healing bandages, ligaments and sutures. Additionally, auxetic fibers could
also play a significant role in the fiber-reinforced composite for enhanced properties,
1.e., more resistance to pull the fiber out from the composites and thus preventing the

failure at the fiber-matrix interface [109].

2.3.2 Auxetic yarns

The category of auxetic textile materials was later extended to yarns when Hook
patented a novel helical auxetic yarn (HAY) exhibiting negative PR effect in 2006 [95].
As shown in Figure 2.7a, this yarn structure is constructed by a straight elastomeric

core with a stiffer fiber helically wound around it. Upon tension, the stiff fiber which
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is in a helical form in the initial state would straighten and in doing so displaces the
core fiber into a crimped form, resulting in an expansion of the structure in the lateral
direction (Figure 2.7b). If the diameter of the stiff fiber is smaller than that of the
elastomeric core, an auxetic manner then will be displayed. This auxetic deformation
then was proved by the mechanic tests which showed the maximum negative PR of
this yarn structure was around -2.7 when using monofilament fibers with Poisson’s

ratios ranging from 0.38 to 1.95.
(a) SOfE Wy yin Slasconteeic core (b) stiff wrap yarn clastomeric core
i e o e, e
Figure 2.7 Helical auxetic yarn (HAY): (a) at an initial state; (b) at the maximum

strain.

Because of its significant auxetic behaviour under tension, HAY has gained extensive
scientific attention since it was reported. The geometrical parameters of it were defined
by Sloan et al. [7], as shown in Figure 2.8. Five parameters, i.e., the initial diameters
of the stiff wrap fiber and the elastomeric core, D,, and D.; the effective diameter of
the yarn structure D, the initial wrap angle 6 and the cyclic pith of the stiff fiber A,
were selected to define the circular cross-section of the structure and the cyclic
frequency of the stiff wrap fiber. Among them, three parameters (D,,, D, and 8)
were later found to have an influence on the auxetic behaviour of the HAY structure.
Based on the study conducted by Zhang et. al [73], it is believed that a higher
core/wrap diameter ration and a lower initial wrap angle can produce a larger
maximum negative PR value in the HAY structure. On the other hand, by conducting
a numerical study on HAY structure, Wright et. al [84] reported that the auxetic
behaviour of this structure as well as its tensile properties were also highly related to

the stiffness of used component fibers. In that manner, there existed a certain value of
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stiffness ratios between used component fibers, below or above which could reduce
the auxetic behaviour of the whole yarn structure. Figure 2.9 demonstrates a typical

Poisson’s ratio — strain curve of HAY structure.

Figure 2.8 Geometric definitions of a helical auxetic yarn [7].

Poisson's ratio

i

Longitudinal strain

Figure 2.9 Poisson’s ratio — strain curve of HAY structure with an initial wrap angle

of 1397].

The successful of HAY structure well indicated that it is possible to manufacture
auxetic yarns with components exhibiting a positive Poisson’s ratio and inspired the

development of other auxetic yarns structures.

Another auxetic yarn structure constructed by two positive Poisson’s ratio components
is the novel plied yarn with negative PR [31], firstly developed and reported by Ge et
al. in 2016. As shown in Figure 2.10a, this yarn structure is formed by placing stiff
yarns and soft yarns alternatively along the longitudinal direction and twisting them
together. When stretched, the stiffer components which have relatively low
longitudinal extension would tend to migrate into the inside of the yarn structure and
thus pushing the softer components to move out (Figure 2.10b). This migration then

increases the cross-sectional size of auxetic plied yarn structure, yielding a negative
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PR. The magnitude of the negative PR of the structure then is influenced by the
component diameter and the twist coefficient. When stiff yarns contact with each other
in the center of the structure, the structure reaches its maximum cross-sectional size
and after that the Poisson’s ratio of the structure starts to increase. Compared with the
HAY structure, the structure developed by Ge et al. has a more uniform auxetic
behaviour under tension because of its improved regularity and stableness.
Furthermore, the number of component yarns in this structure is not limited to a fixed
value of four but can be six or eight or even more providing the number of each type
of component yarns in this structure is even, demonstrating exceptional flexibility in

structural design.

Figure 2.10 The novel plied yarn with negative PR: (a) geometry; (b) deformation

mechanism responsible for auxetic behaviour [31].

In addition to the above two auxetic yarns, T.C Lim had developed an auxetic yarn
structure that can exhibit positive and negative PR in two orthogonal planes. The
structure is termed semi-auxetic yarn structure [77]. This structure is constructed by
sewing an inextensible thin cord through an elastic fat cord in a triangular pattern, as
shown in Figure 2.11a. The structural deformation shape of it under tension has two
different types, as shown in Figure 2.11b. In its auxetic plane (which is the side view),
the shape of the structure under tension is similar to a zigzag shape. In sharp contrast,
the shape of the structure in its conventional positive Poisson’s ratio plane (which is

the front view) is contracted but remained same as a straight line. Varying the inserting
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angles of inextensible thin cord would cause the change of shape deformation in both
two planes and thus influencing the Poisson’s ratio values in two planes. Compared to
the auxetic yarns mentioned above, the use of semi-auxetic yarns allows very large
magnitudes of positive and negative PR to be achieved at the same time and may find

specific applications in practical use.

Initial state
(a) (b) m Side view

Top view

When stretched

Figure 2.11 The semi-auxetic yarn structure: (a) geometry; (b) deformation

mechanism responsible for auxetic behaviour [77].

2.3.3 Auxetic fabrics
As to auxetic fabrics, the first exploited technique is the knitting technology. By
employing a method of unique unit cell geometry design, both weft-knitted and warp-
knitted fabrics with negative PR have been successfully fabricated to date. In 2010,
Liu et al. [8] firstly developed a folded knitted fabric based on an origami structure
called Miura-origami. As shown in
Figure 2.12, this Miura-origami structure is created by arranging the face loops and
back loops in a zigzag form, in which a rectangle outlines the smallest repeating unit
of the pattern. To achieve that, a special knitting method called loop transfer technique
is applied. Due to the imbalanced force distribution between the face loops and back
loops, the fabric will curl and display an appearance as shown in Figure 2.13a. Upon
stretch, the parallelogram shape in the repeating will change its inclined position
related to the surface plane of the structure and the folded fabric will open (Figure

2.13b). Consequently, the dimension of the fabric is increased and a negative PR was
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yielded in the fabric without changing the shape and size of the parallelograms. Totally,
three types of fabric with different unit sizes, including 12 courses 12 wales (C12-
W12), 12 courses 6 wales (C12-W6) and 6 courses 6 wales (C6-W6), were fabricated
on a 14G STOLL flat knitting machine. Both the experiment and theoretical
calculation confirmed that an auxetic behaviour was displayed in all fabrics. Figure

2.14 presents the Poisson’s ratio-strain curves of all produced fabrics.

Repesiingurik Face Back
peatingun’ loop loop

MNNE
a?mlw]
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lmu\l

Figure 2.12 Fabrication method of auxetic knitted fabric with a zigzag arrangement

[8].

@ (b)

Figure 2.13 Auxetic knitted fabric with a zigzag arrangement: (a) initial state; (b)

when stretched [8].
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Figure 2.14 The Poisson’s ratio-strain curves of produced auxetic knitted fabric with

a zigzag arrangement [8].

Later on, by employing the same geometry design but a different fabric form, Boakye
et al. [110] fabricated various weft knitted auxetic tubular fabrics using nylon, PES
and cotton yarns. A negative PR was exhibited when fabrics were made of nylon and

cotton yarns.

In addition to the zigzag arrangement of the knitted loops, Hu et al. [9] also produced
folded auxetic fabrics with other two arrangements by using conventional yarns, i.e.,
with a rectangular arrangement (Figure 2.15a) and a horizontal and vertical stripes
arrangement (Figure 2.15b). Same to the fabric knitted with the zigzag arrangement,
produced two fabrics have a folded form at the initial state and are extended to a larger
dimensional size when stretched (Figure 2.16). For fabric with a rectangular
arrangement, this the expansion only occurs in the course direction and thus no
negative PR effect was obtained in wale direction. Meanwhile, the fabric with a
horizontal and vertical stripes arrangement has auxetic effect when it is stretched in

both the course and wale directions.
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Figure 2.15 Fabrication method of auxetic knitted fabric: (a) with a rectangular

arrangement; (b) with a horizontal and vertical stripes arrangement [9].
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Figure 2.16 Auxetic knitted fabric with a rectangular arrangement: (a) initial state
and (b) when stretched; Auxetic knitted fabric with a horizontal and vertical stripes

arrangement: (c) initial state and (d) when stretched [9].

Other auxetic geometries, such as rotating rectangles, re-entrant hexagonal structure
[9], double arrowhead [11, 111], etc. [10, 112, 113], had also been utilized by
researchers to manufacture weft or warp knitted auxetic fabrics. The same approach

which is to arrange the loops in the repeating unit according to the selected auxetic

geometry via a special knitting method, was used. The Poisson’s ratio of them mainly
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ranges between —0.1 to —3.0. The primary advantage auxetic knitted fabrics are that
they have superior shape fitting ability compared with the conventional positive

Poisson’s ratio fabric and thus are ideal for sportswear or maternity wears [78].

Differ from the knitting technology, the weaving technique has been employed in
manufacturing auxetic woven fabrics in two ways. The first method is to utilize the
auxetic yarns and interlaced them into a woven fabric. By using this method, both
HAY and auxetic plied yarn structures mentioned above has been successfully made
into auxetic woven fabrics [12, 14]. The photograph of auxetic woven fabrics made
by them is presented in Figure 2.17. As these fabrics can be manufactured using simple
woven patterns, i.e., plain weave, there a few technical barriers to produce them.
However, since the auxetic behaviour of the fabric is inherited from used yarns and
strongly influenced by the yarn arrangements, the magnitude of the negative PR of

them are not high, which may limit their applications.

Figure 2.17 The photograph of auxetic woven fabrics: (a) made from HAY yarn

[12]; (b) made from plied yarn with negative PR [14].

The second method is to utilize the conventional positive Poisson’s ratio yarns and
interlaced them in a specially designed woven pattern. Up to the present, one auxetic
woven fabric has developed via this method and it was proposed by Adeel et al. in

2017 [13]. In this developed fabric, they used both elastic yarns and non-elastic yarn
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with positive Poisson’s ratio and interlaced them with combinations of loose and tight
woven patterns so that a differential shrinkage effect was realized on the fabric
smallest repeated units. This differential shrinkage phenomenon then would cause
yarns to be arranged in a geometry shape which could yield negative PR. Figure 2.18
presents the fabric with a zigzag geometry shape. By using this approach, they have
developed five types of auxetic woven fabrics with different geometry shapes, i.e., the
fabric with parallel in-phase zig-zag folded geometrical shape, the fabric with oblique
folded geometrical shape, the fabric with folded abrupt convexities geometrical shape
and the fabric with rotating rectangle geometrical shape and the fabric with re-entrant
hexagon. All of them presented an auxetic manner under tension with a maximum
negative PR measured around —1. The Poisson’s ratio versus longitudinal strain for

all developed auxetic woven fabric is presented in Figure 2.19.
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Figure 2.18 The auxetic woven fabric with a zigzag geometry shape [13].
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Figure 2.19 The Poisson’s ratio versus longitudinal strain curve for developed

auxetic woven fabrics with different geometry settings [13].

Besides the woven and knitting, non-woven technology was also exploited in
developing auxetic textiles [75]. Figure 2.20 illustrates the approach employed by
Verma et al. in order to induct out-of-plane auxetic behaviour in needle-punched
nonwovens. The method they used is heat-compression protocol, which consists of
treating the commercial non-woven fabrics with high compression in the thickness
direction and heat-set process with a temperature chosen to be on the lower edge of
the glass transition temperature of the component fibers. Through these two steps, it
was believed that inclined fiber bundles were created along the fabric thickness

directions (Figure 2.21) which are responsible for the auxetic manner of the fabric

22



when stretched. The negative PR of it can be as low as -7 according to the tests. Later
on, Verma et al. [114] further examined the effect of temperature, pressure, and time
on the magnitude of auxetic response in post manufacture-processed fabrics. The
results showed that temperatures around and above the glass transition temperature,
higher pressure and longer duration of treatment are likely to produce a larger auxetic

effect in developed nonwoven fabrics.
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Figure 2.20 The approach of producing auxetic non-woven fabric [75].
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Figure 2.21 The schematic of buckled fibers responsible for producing auxetic

behaviour in auxetic non-woven fabric [75].

Recently, Subramani et al. have attempted to exploit braiding technology in
manufacturing the auxetics. The approach they used is to assemble braided rods with
positive Poisson’s ratio in an auxetic configuration so that the constructed composite
could exhibit a negative PR when stretched. [70, 71, 79]. In order to prevent the

possible deconstruction, epoxy resin and polyester filaments were utilized to glue the
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braided rods together and to tie the cross-over points firmly. Up to the present, two
types of auxetic composites with different auxetic configurations, one with a missing
rib configuration and the other with a re-entrant honeycomb configuration, has been
successfully manufactured by them. The photographs of these two types of auxetic
composites are presented in Figure 2.22. It was reported that all produced auxetic
structures, including five ‘missing rib’ types and three ‘re-entrant honeycomb’ types,
had exhibited negative PR in the testing. The negative PR of these samples ranged
from the lowest -0.5 to the highest -9.0. It was found that the structures with ‘re-entrant
honeycomb’ types are likely to present a larger maximum negative PR compared with
those with ‘missing rib’ types as the maximum value tested them was -9.0 and -5.2
respectively. The probable reason for that is the re-entrant honeycomb could result in

a larger lateral deformation under tension and thus yielding a larger negative PR.

(a) (b)

Figure 2.22 Auxetic composite based on non-auxetic braided rods: (a): with missing

rib’ geometry [79]; (b) with ‘re-entrant honeycomb’ geometry [71].

2.3.4 Research gaps
With the above review, it can be seen that auxetic effect has been successfully achieved
in fibers, yarns, both weft and warp knitted fabrics, woven and non-woven fabrics but

not yet in braided fabrics. Despite the attempt of utilizing non-auxetic braided rods in
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manufacturing an auxetic composite, no auxetic braided structures have been proposed
and developed yet. The relevant research on the design and fabrication, the
deformation behaviour, the properties and the influential parameters of braided

structures with negative PR was lacking.

2.4 Braiding technology and braided structures

2.4.1 The definition of braiding

Braiding, an ancient textile manufacturing technology, has been existed for thousands
of years [115, 116]. Traditionally, it has been used to produce items like ropes,
shoelaces, and cables but also found great potential applications in the fields of
medical, aerospace, transportation recently. According to the definition given by
Encyclopedia Britannica , “braiding” in textiles can be described as a machine or hand
method of interlacing three or more yarns or bias-cut cloth strips in such a way that
they cross one another and are laid together in diagonal formation, forming a narrow
strip of flat or tubular fabric. Compared with the other three classical textile processes,
1.e., weaving, knitting and nonwoven, braiding is distinctive as it employs a fabric-
processing method of intertwining instead of interlacing (for weaving), interloping
(for knitting) and interlocking (for nonwoven fabrics). Table 2.1 compares the

principle differences between these four textile processes and formed textile structures.

Table 2.1 Comparison of four textile processes.

Textile o Formation
Yarn direction ) Its structure

Process techniques

Weaving Two sets of yarn Interlacing

(0=warp and 90 “weft)
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Knitting One set of yarn Interloping
(0=warp or 90 °weft)
. "\g‘r'/ 7’1" A A
Nonwoven Randomly arranged Interlocking ﬁsn@hl‘g(ﬂféfi@‘%
SO AN
fibers AN
"g_é" \ug'ﬁb,i‘ A ’A}wﬂ‘
SIS RS
Braiding Two sets of yarn ‘
(along with machine .
Intertwining
direction)

2.4.2 History of braiding technique

The oldest form of braiding was plaiting of human hair known as “Cornrow” [117]. A
three-strand hair braiding process is presented in Figure 2.23 From A to F indicates
the process to braid a three-strand hairstyle. In that hair plaiting, people picked up
three groups of hair and interlaced them in zigzag forward through the overlapping
mass of the others, resulting in an intertwined architecture which is typically braided
structure. Later on, the same mechanism of hair plaiting was applied to the production
of some useful tools, such as ropes and baskets, and braiding technology began to play
an essential role in human life. At that time, the materials used in braided products
were mainly depended on the indigenous plants and animals that are available in the
local area and the hand-braiding dominated the braids production. Therefore, the
structures of braided products cannot be very complex but simple while the quantity
of these products is limited. This situation lasts a long period until the Industrial
Revolution arrived. With the development of an amazingly broad and deep wealth of
engineering inventions, complex braided structures such as lace braid [118], cord [119]

and cables [120] can be produced on a large scale.
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Figure 2.23 From A to F indicates the process to braid a three-strand hairstyle.

To these days, virtually any fiber with a reasonable degree of flexibility and surface
lubricity can be economically braided. Typical fibers include aramid, carbon,
polypropylene, ceramics, and fiberglass, as well as various natural and synthetic fibers
and thermoplastics. The forms of braids are not limited to ropes or wires anymore but
vary as reinforcement composite matrix for aircraft propellers, the covering for fuel

pipes, and sutures used in medical surgery by using advanced braiding technologies.

2.4.3 Three primary braided structures in textile
In general, there are three kinds of braided textile structures are widely used in

costumer and industrial markets, which are tubular braids, flat braids and 3D braids.

The tubular braided structure, also referred to as “round” or “circular” braid, is a
fibrous cylindrical shell consisting of two sets of bias yarns. As shown in Figure 2.24a,
these two sets of helical yarns in the structure are in opposite sense, one along the
clockwise direction and the other along the counter-clockwise direction. Member
yarns of the same set travel in concurrent paths and intersections only occur with
members of the opposite set. In practice, ropes are typical products with a tubular

braided structure.
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Figure 2.24 Tubular braid: (a) geometry; (b) the manufacturing process.

The specific technique used to produce tubular braided structures is called circular
braiding technology. The principle of it is to arrange two groups of yarns around a
closed serpentine circle and intertwining them in pairs. As shown in Figure 2.24b, two
sets of yarns are placed on two groups of carriers and move along two serpentine tracks
during the fabrication process, one move in a clockwise direction and the other moves
in counter-clockwise. As carriers go over or under the others at the intersection area
of the tracks, the interlacements between two sets of yarns are facilitated. After all
carriers finish a complete circular movement, one geometry unit of the tubular braid
can be obtained. In case of over braiding of profiles with carbon or glass fiber
composites for, cables and high-pressure ropes, an extra mandrel will be added inside

of the structure in order to support the formed tubular shape.

Differ from the tubular braids, flat braids are of ribbon-shaped braid structures, as
shown in Figure 2.25a. The technology used to produce it is flat braiding technique.
The major difference between flat braiding technique and circular braiding technique
existed in the track they used. Unlike the spiral closed track in the circular braiding,
flat braiding technique employs an open spiral track. This type of track requires

intertwining sets of yarns reverse their movements at the edges and travel back in the
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opposite direction, as shown in Figure 2.25b. As a result, the shape of the structure is

not a closed circular shape but is a flat selvage shape.

(2)

A AN

S

-,

L

o< RO
OO
S

QIR RIT RIS
IR

O3S

&,

SOSS

SR

=
R

S
<>

S

KL

RRS

Figure 2.25 Flat braid: (a) geometry; (b) the manufacturing process [121].

For both tubular braid and flat braid, the special intertwining effect of yarns provides
the structure with a unique deformation when longitudinally extended or compressed.
When stretched, the structure is capable of substantial accommodation of strain
because the initially inclined yarns are free to pivot to a position that is more parallel
to the direction of the tension. As the braid extends, its diameter decreases until the
fabric reaches a point of maximum packing density, called the tensile or extensive
jamming point. Conversely, when compressed, the braid is forced to contract in length
and its component yarns will re-align more perpendicular to the direction of the stress.
During the process, the diameter of the braid would increase until reaches the
compressive jam point. The extensive and compressive jamming are simple
observances of the physical law of non-penetration of solids. This unique deformation
has enabled tubular braid and flat braid to be used in applications where excellent
strength at the extension is required; for example, the ropes and the shoelaces.
Meanwhile, as the structure flat braids are denser and more durable compared with
tubular braids, they are often used as a strong flexible connection between large

components while tubular braids are widely used in shielding purpose.
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In contrast to the mentioned two 2D braided structures, 3D braids are produced by a
modified braiding machine with multiple concentric circular tracks [122]. The
multiple concentric circular tracks consist of several inconstant tracks which could
lead yarns to move through the braids thickness, resulting in interconnections of yarns
in three directions. By virtue of it, 3D braids present an excellent toughness and an
improved delamination resistance than 2D braids [121]. Therefore, 3D braids are
widely used in fiber-reinforced composites and 3D integrals. Figure 2.26 presents the
3D braids used for reinforcement of the bicycle body and the rotary braiding method

for producing 3D braids.

Yarn path'

Figure 2.26 Three dimensional (3D) braids: (a) application in the reinforcement of

bicycle body; (b) production process (rotary braiding method) [123].

2.4.4 Braid geometry
Knowledge of the geometry of braid is critical to the structure and property analysis.
Figure 2.27 demonstrates a typical braided geometry, which consists of braiding axis,

stitch (S), Line (L) and braiding angle (6).

As it can be seen from the Figure 2.27, the braid axis is a straight line alone which

braids was fabricated. In most cases, the braid axis is vertical to the horizontal plane
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but can be parallel to the horizontal plane in producing some 3D braids. Stitch (S) is a
geometry term to characterize the length of one repeat of the structure along the braid
axis. In contrast with that, Line (L) characterizes the length of one repeat of the
structure perpendicular to the braid axis. The number of it is same with the number of
intertwining yarns in braided structure (in case of one carrier correspond with one
yarn). By using these two parameters, another geometry parameter in braided structure
can be derived, which is the angle between the yarns and braid axis called braiding
angle. This parameter is critical important as it intuitively presents the features of the
braid. As the value of it is highly related to preference systems, such as the radius of
braiding platform, taking up speed, the speed of carrier movement, etc., this parameter
is also widely used by engineers to change the machines settings for desired

performance criteria.

Braid Braid

axis angle

Line

Figure 2.27 Geometry of braided structure [124].

2.4.5 The advantage of auxetic braided structures

Braided fabrics have several unique features which distinguish themselves from other types
of fabrics and make them popular. One of them is the unique network architecture formed by
the diagonal interlacing of yarns. By virtue of this diagonally net effect, braided fabrics have

exhibited improved dimensional stability, impact resistance, torsional integrity and energy
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absorption compared with other types of textile fabrics [3]. In addition to that, as braiding is
one of the most flexible and cost-efficient processes to fabricate a thicker, wider or stronger
product from yarns or fibers, braided fabrics can be manufactured using various types of yarns
with the least preparatory process [4], which offers a possibility to produce auxetic fabrics
with different materials in a lower cost. Moreover, there exist numerous types of patterns and
structures, including the mentioned tubular shape, flat shape and complex 3D shapes, which
make the auxetic effect feasible on braided fabric through different structural designs. On the
other hand, inducing auxetic behaviour in the braided structure is also useful and meaningful
because it can provide an innovative and feasible approach to overcome the previous problems
in braided fabrics; for example, the knot of non-auxetic braided sutures cast off easily in use.
Finally, virtually any fiber with a reasonable degree of flexibility and surface lubricity can be
economically braided which remove the technical barrier in the selection of component

positive Poisson’s ratio yarn when design and fabricate braided fabrics with negative PR.

2.5 Conclusions

This chapter has reviewed the literature related to this study, including Poisson’s ratio,
auxetic materials and structures as well as the braiding technology and braided
structure. It has been shown that being negative gives an improvement on mechanical
properties of materials and has been successfully applied into a wide range of textile
products recently, such as fibers, yarns, knitted and woven or nonwoven fabrics.
Whereas the non-auxetic braided rods have been utilized in manufacturing auxetic
structures, no braided structure with being auxetic itself has been reported yet. The
relevant research on the design and fabrication, the deformation behaviour, the
properties and the influential parameters of braided structures with negative PR still
lack currently. Meanwhile, by reviewing the braiding technology and braided

structures, it can be found that it is also possible to manufacture braids with negative
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PR as different yarn combination and geometry construction can be used. Since
braiding technology creates a textile structure that is thicker and stronger than the non-
interlaced strands of yarn, auxetic braids are believed to be useful in practical use and
may tackle the common problem existing in the conventional non-auxetic braids; for
example, the problem of unsolid knot in medical sutures. In this connection, to conduct
a study on production and characterization of the auxetic braided structure is highly

demanded in both literature and industry.

In the following chapters, the research conducted on the design and fabrication of the
novel braided structures with negative PR, investigation on their negative PR
behaviour under tension and evaluation of the influence of different structural

parameters on their negative PR behaviour in this study will be presented.
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CHAPTER 3 DESIGN AND FABRICATE AUXETIC BRAIDED
STRUCTURES

3.1 Introduction

This chapter presents the design and fabrication of six novel auxetic tubular braided
structures by using two distinguish approaches, i.e., wrapping or inserting extra stiff
yarns onto the braided structure and employing both stiff and elastic yarns to construct
a braided structure. Both modified and conventional circular braiding techniques were
exploited to manufacture six structures. The geometry of these structures, the
deformation mechanism and their manufacturing process are introduced and described

in the following sections.

3.2 Three auxetic braids developed using the first approach.

3.2.1 Geometry design and deformation mechanism

The first three auxetic braids were designed and constructed via the approach of
wrapping or inserting extra stiff yarns onto the tubular braided structure according to
the special geometry. The idea of using this design and construction method originates
in the structural features of tubular braid. Considering the tubular braided structure
from a macro scale, it has a strip shape where the length is significantly larger than the
width, resembling a typical shape of yarn. Based on it, the idea is that the geometries
designed for producing auxetic yarns, such as the helical configuration in HAY
structure [7] and trapezoidal configuration in semi-auxetic yarn structure [77], could
also be applied to fabricate tubular braided structures with negative PR. Consequently,
it was found that wrapping or inserting extra stiff yarn(s) onto the base braided
structure is a feasible method to achieve these auxetic yarn geometries on tubular

braids,
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Figure 3.1 demonstrates the geometry designs of three auxetic tubular braided
structures. As shown in Figure 3.1a, the first structure HL is designed based on a
helical geometry and is constructed by helically wrapping an extra stiff yarn onto the
tubular braided structure with a core yarn inside. By virtue of the interlacement
between braiding yarns, the extra stiff yarn of it is fixed by two neighboring braiding
yarns at every 90° and thus no need for the use of glues or resin, simplifying the
manufacturing process. Here, a core yarn is added inside of the braided structure in
order to prevent the irregular distortion of the structure and thus could help structure
achieve negative PR behaviour when stretched. In contrast to the geometry design of
the first structure, the second structure HC is designed based on the trapezoidal
geometry, as shown in Figure 3.1b. In this structure, an extra stiff yarn is inserted into
the base tubular braid along one direction and the path of stiff yarn is close to the
trapezoidal wave when seeing from the front-view. Similar to the first structure, the
extra stiff yarn in HC structure is also fixed by the interlacement effect between two
neighboring braiding yarns. Modified from the structure HC, the structure FC is also
designed based on the trapezoidal geometry but has two extra yarns inserted into the
base tubular braid along two orthogonal directions, as shown in Figure 3.1c. In order
to avoid the lateral displacement caused by one stiff yarn is offset by that caused by
the other yarn, the insertion points of two extra yarns in structure FC are staggered. As

a result, the path of two stiff yarns in structure FC resembles two trapezoidal waves

with a phase difference of % when see from the front-view. For both HC structure and

FC structure, no core yarn is added because the use of it will break the geometry shape
of stiff yarns in the structure. On the other hand, for all three structures, the cyclic

pitch of extra stiffer yarn along the braid axis is set as A during the geometry design
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process in order to unify the design parameter.

(a) Front-view [ DU | S—

\_\./—/
Base braided structure Core yarn

Front-view DU | S—
(©) : :

S —
Base braided structure

Figure 3.1 The auxetic tubular braided structures developed via wrapping or

inserting extra stiff yarns: (a) HL; (b) HC; (c) FC.

Figure 3.2 demonstrates the auxetic behaviour of developed tubular braided structures
HL. As it can be seen from the Figure 3.2, upon application of the stretching, the stiffer
wrap yarn in structure HL would straighten and displace the base braided structure
into a crimped form from the initial straight line. During that deformation process, a
lateral expansion of the structure is caused and therefore cross-sectional size of the
structure is increased, yielding a negative PR behaviour of the structure. The cross-
sectional size of the structure then would further increase with the applying of the
force until it reaches its maximum value. At that point, the extra stiff yarn is fully
straightened along the center. If we continued the practice of stretching, the cross-
sectional size of the structure would decrease because of the decrease in the component

yarns diameters the reduction of the helical wave of braided structure.

Begin

ol SeS—
RIS

Figure 3.2 Auxetic behaviour of HL structures under tension.

Differ from the helical geometry, a trapezoidal geometry would result in another shape
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deformation when stretched. As shown in Figure 3.3, in the direction where an extra
stiff yarn is inserted, the shape of structure HC maintains its original shape as a straight
line. Meanwhile, in the direction perpendicular to the insertion direction, the shape of
structure HC is deformed to a typical zigzag shape leading to the expansion of the
structure in this direction. As a result, the Poisson’s ratio of structure HC measured in
these two planes are expected to be positive and negative respectively, resulting in a
conventional plane and an auxetic plane which are perpendicular to each other. On the
other hand, as two stiff yarns are inserted alternatively into the base tubular braid along
two orthogonal directions in structure FC, a double zigzag deformation in both two
directions is presented in structure FC. However, the overall shape of the structure FC
shall be closer to the helical shape due to the interaction between zigzag deformations
in two orthogonal directions, as shown in Figure 3.4. Similar to the deformation
mechanism of the structure HL, the cross-section sizes of structure HC and FC reach
their maximum value when extra stiff yarn(s) is or are fully straightened along the
center. Continue the stretching will decrease the cross-sectional sizes of structure HC
and FC because of the decrease in the component yarns diameters the reduction of a

zigzag wave of base braided structure.
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Figure 3.4 Auxetic behaviour of FC structure under tension.

37



Notice that there is also a reduction in the braiding angle among braiding yarns in all
developed structures because the braiding yarns would become closer to each other

due to the extension.

3.2.2 Fabrication process

To fabricate these auxetic braided structures, a special manufacturing process was
developed based on the modification of a circular braiding technology. The whole
manufacturing process can be realized on a conventional vertical circular braiding

machine with a capability of 16 yarn carries, as shown in Figure 3.5.

Figure 3.5 The conventional vertical circular braiding machine utilized for

manufacturing developed auxetic braided structures.

Figure 3.6 demonstrates the manufacturing process of structure HL. The whole process
involves two steps, the formation of the base braided structure and the wrapping of the
extra stiff yarn. At the initial process (Figure 3.6a), the stiff yarn is located outside of
the braiding yarns at point A while the core yarn is placed in the central hole of the
machine. The first step is then to form the base tubular braid around the core yarn by
moving two groups of braiding yarns (eight yarns for each group) in opposite
directions, one in the clockwise direction while the other group in the counter-
clockwise direction. As a result, the braided structure is formed by diagonally

intertwining between these two groups of braiding yarns. At the same time, the extra
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stiff yarn also circularly moves from point A to point B around the base tubular braid
to form a helical system (Figure 3.6b). The cyclic pitch of the stiff yarn (A) can be
adjusted by changing its moving speed. The second step starts when the wrap yarn
reaches point B. As shown in Figure 3.6c¢, in the second step, the wrap yarn will be
fixed with the braiding yarns by first moving it from outside of the braiding yarns to
the inside of the braiding yarns and then moving out after two neighboring braiding
yarns around it making an interlacement. During the moving in and out, the movement
of the braiding yarns stops. After the second step finishes, the next braiding process
starts with the movement of the wrap yarn from point B to point C. Four braiding
processes will be completed when the wrap yarn returns to point A and one geometry

unit of the structure HL could be achieved.

(a) ‘ Core yarn (b)

T Take-up direction

‘ (O Core yarn

@ Group | braiding yarns
O Group 2 braiding yarns
. Extra stiff yarn

Figure 3.6 The manufacturing process for structure HL: (a) set-up of the braiding

system; (b) the moving path of extra stiff yarn; (c) fixation of the stiff yarn.

Figure 3.7 demonstrates the manufacturing process of structure HC. Similar to that of

the HL structure, the whole process of structure HC also involves two steps, the
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formation of the base braided structure and the insertion of the extra stiff yarn. The
formation process for the base braided structure is completed same as the mentioned
above but the movement of extra stiff yarn is slightly different. In the first step, the
stiff yarn is also located at point A and starts moving towards point C when all braiding
yarns finish making an interlacement (Figure 3.7a). During the movement of stiff yarn
from point A to C, the basic braiding process continues and the number of
interlacements achieved during that time is determined by the required cyclic pitch of
stiff yarn A (Figure 3.7b). When stiff yarn reaches point C, the second step begins and
all the braiding yarns would make another interlacement before the stiff yarn starts
moving back towards to the point A. When the stiff yarn returns to point A, one

geometry unit of the structure HC could be achieved.

® Group | braiding yarns

©  Group 2 braiding yarns
. Extra stiff yarn

Figure 3.7 The manufacturing process for structure HC: (a) set-up of the braiding

system; (b) the moving path of extra stiff yarn;

Figure 3.8 demonstrates the manufacturing process of structure FC. Modified from the
manufacturing process of the structure HC, there are two stiff yarns moving along two
orthogonal paths during the fabrication of the structure FC (Figure 3.8a). In the first
step, the stiff yarn which is initially placed at point A would perform a movement to
the point C. After it reaches the point C and one interlacement is made, it will stay a
point C and starts the second step which is the stiff yarn which is initially placed at
point B would perform a movement to the point D (Figure 3.8b). After the second stiff

yarn reaches the point D and another interlacement was made between braiding yarns,
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the reversed movement of two stiff yarns, i.e., the step 3 and step 4, begins. The
process of during that period is same to the two steps mentioned above. Four steps will
be completed when two stiff yarns return to the initial point A and B respectively. After
that, one geometry unit of the structure FC could be achieved. Same to that of the
structure HC, the basic braiding process continues during the movement of stiff yarns
from point to point and the number of interlacements achieved during that time is

determined by the required cyclic pitch of stiff yarn A.

(2)

T Take-up direction

Extra stiff ya6 Braiding yarns

® Group | braiding yarns

©  Group 2 braiding yarns

B . Extra stiff yarn

B Extra stiff yarn

Figure 3.8 The manufacturing process for structure FC: (a) set-up of the braiding

system; (b) the moving path of extra stiff yarn;

3.3 Other three auxetic braids developed using second approach.
3.3.1 Geometry design and deformation mechanism

Differ from the first three braided structures, the braids in second group were designed
and constructed via the approach of employing both stiff and elastic yarns in the
tubular braided structure. This idea is inspired by the observation of the yarn path in
the tubular braided structure, which is also in a helical shape. With that in mind, the
thought is that elastic braiding yarn in the base braided structure may be replaced by
stiffer yarn so that the stiffer yarn could straighten while the braided structure formed
by the rest elastic braiding yarns could be laterally displaced, displaying a lateral
expansion of the structure when stretched. In that case, a negative PR effect could be

realized.
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Based on the above idea, other three structures are designed and constructed. The
geometry design and structural deformation of them are presented in Figure 3.9, Figure
3.10 and Figure 3.11 respectively. As shown in Figure 3.9a, the fourth structure R1 is
constructed by covering a low modulus elastic core yarn with a braided sheath which
is formed by one stiff braiding yarn and several low modulus elastic braiding yarns.
Similar to the structural deformation of the HL structure, the R1 structure would also
convert its shape from a straight line to a helical wave form (Figure 3.9b) when
stretched because of the straightening of its one stiff yarn in braided sheath, yielding

a negative PR effect.

One stiff yarn
(a)

Other elastic yarns Elastic core yarn

Figure 3.9 The auxetic tubular braided structure R1: (a) geometry; (b) auxetic

deformation under tension.

Learning from the design process of the structure R1, another two structures R2
(Figure 3.10a) and R3 (Figure 3.11a) were developed using the same construction
approach. In the geometry design of structure R2, two elastic braiding yarns moving
in opposite directions are replaced by two extra stiffer yarn. Therefore, the path of the
stiff yarn in the formed braided structure resembles a shape of alphabet ‘X’. When
stretched, despite the helical deformation caused by two stiff yarns are offset by each
other, the intersecting points of two stiff would push the structure laterally and thus
cause the expansion of the structure in lateral direction (Figure 3.10b). This expansion
then could increase the cross-section size of the structure and yield the negative PR

effect. As for the geometry design of structure R3, one more elastic braiding yarns was
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replaced by extra stiffer yarn besides two elastic braiding yarns with opposite moving
directions are replaced by two stiffer yarn. In that case, an extra helical deformation
was caused by this third stiff yarn besides the mentioned lateral displacement
mentioned above caused by other two stiff yarns when stretched, as shown in Figure
3.11b. It is designed that the third stiff yarn should be placed in the middle of other

two stiff yarns in order to the maximize the lateral expansion of the FC structure.

Front-view Two stiff yarns Front-view

(2)

Side-view Other elastic yarns

$ 43

Figure 3.10 The auxetic tubular braided structure R2: (a) geometry; (b) auxetic

deformation under tension.

Other elastic yarns Elastic core yarn

Figure 3.11 The auxetic tubular braided structure R3: (a) geometry; (b) auxetic

deformation under tension.

3.3.2 Fabrication process

Since there is no additional wrapping process, three structures developed herein could
be manufactured using a standard circular braiding technique. During the process, the
same conventional vertical circular braiding machine which was shown in Figure 3.5

was used to fabricate three structures.

Figure 3.12 demonstrates the manufacturing process of structure R1. To manufacture

43



the structure R1, the stiff yarn was firstly mounted on one selected carrier while elastic
yarns filled up the rest fifteen carries. The core yarn then was placed in the center hole
of the machine. Upon rotating the machine, carriers are equally divided into two
groups (8 carriers in each group) and perform two opposite circular movements as
mentioned before. During the process, the stiff yarn and elastic yarns would be
intertwined together to form the tubular braided structure and cover the core yarn.
After all carriers finish a complete circular movement, one geometry unit of structure
R1 is obtained. The same method but different yarn placement were used manufacture
the structure R2 and R3. For structure R2, two stiff yarn was mounted on two selected
carriers while elastic yarns filled up the rest fourteen carries, as shown in Figure 3.13.
For structure R3, three stiff yarn was mounted on three selected carriers while elastic
yarns filled up the rest thirteen carries, as shown in Figure 3.14. During the
manufacturing process, clips with heavy weights were attached to stiffer yarns while
clips with light weights were attached to the other elastic braiding yarns in order to

tighten both two kinds of yarns at the same extent.
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Figure 3.12 Structure R1: (a) the manufacturing process; (b) the yarn arrangement on

16 carriers.
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Figure 3.13 Structure R2: (a) the manufacturing process; (b) the yarn arrangement on
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Figure 3.14 Structure R3: (a) the manufacturing process; (b) the yarn arrangement on

16 carriers.

3.4 Conclusions

In this chapter, the design and fabrication of six novel auxetic tubular braided

structures were introduced. In general, six structures can be categorized into two
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groups with three structures in each group. The first three structures were designed
and constructed via wrapping or inserting extra stiff yarns onto the tubular braided
structure and can be fabricated using a modified circular braiding technique. The other
three structures in the second group were designed and constructed via employing both
stiff and elastic yarns in the tubular braided structure and can be fabricated using a
conventional circular braiding technique. By virtue of using components with different
moduli, these structures could change its initial straight shape to a helical or
trapezoidal shape and thus display a lateral size expansion under tension. As a result,

all of them are designed to be structures with a negative PR effect when stretched.
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CHAPTER 4 EXPERIMENTAL ANALYSIS OF SIX AUXETIC
BRAIDED STRUCTURES

4.1 Introduction

This chapter presents a preliminary experimental study on the negative PR effect of
developed six auxetic tubular braided structures. A tensile testing system consists of
an Instron 5544 Universal Testing Machine, a high-resolution CMOS camera and a
computer were employed to test the Poisson’s ratio of samples produced for six
structures. Especially for two selected structures, i.e., HL and R1, different kinds of
samples were produced and tested in order to evaluate the effects of different

parameters on the negative PR effect of the structure.

4.2 Negative PR effect of six structures

4.2.1 Sample fabrication

Table 4.1 lists the component yarn materials used to construct two samples of each
developed structure. Note that in the geometry design a core yarn is added in the
structure HL, R1, R2 and R3. However, here, no core yarn is used in each sample of
the structures in order to remove the effects of core yarn on the Poisson’s ratio of the

structure and thus compare the behaviour of these six structures more rigorously.

Table 4.1 Component yarn materials used to construct samples of the structures.

) Diameter
Name Code Yarn constituent Young’s modulus (MPa) Color
(mm)
Stiff yarn A Polyester 0.82 320 blue
Braidingyarn B Polyester and Rubber 0.73 3.92 black

By using these component yarns, samples of each developed auxetic tubular braided

structures were fabricated using the approaches mentioned in Chapter 3. For the
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comparison, two samples of the conventional tubular braided structure with core yarn

inside, N1, were also produced herein to indicate the conventional value of the

Poisson’s ratio of the braided structure when no auxetic geometry design is applied.

Table 4.2 presents the geometric features and photographs of produced samples.

Table 4.2 The details of samples for six auxetic tubular braided structures.

Sample Yarn Component yarn arrangement
Structure o Photograph
code combination @ A: stiff yarn @ B: elastic yarns C: core yarn
HL1
HL A+16B
HL2
o~
HC1 Y ?
RJ | Yed
g s &L}
HC A+16B \} TS
HC2 . ( -J/‘“‘j_
o
(Front)  (Side)
.rsh
FC1 g J ‘g .
° f
FC 2A+16B \) 7 -
ool S
FC2 e ' ol
o
0= q
Rla - | J " N
GO
RI A+15B 3 ) ';)
°
RIb . ‘&
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R2a CJ 2N
R2 JA+14B 0 k\
R2b (“/W\ y"

(Front)  (Side)

R3a C JQ; .
R3 3A+13B s @ > &
° 3 :

R3b (‘:/'“\
N1 N1 16B Q. O K*\
® ) of:g

4.2.2 Poisson’s ratio testing method

In order to assess the Poisson’s ratio of auxetic yarns produced, a tensile testing system
consists of an Instron 5544 Universal Testing Machine, a high-resolution CMOS
camera and a computer (Figure 4.1a) was employed to measure the longitudinal and
transverse strain of the sample. The longitudinal strain of the sample &; is provided
by a tensile test which was conducted on the Instron 5944 tester (Instron Worldwide
Headquarters, Norwood, Massachusetts, USA) using a SON load cell. During the test,
the sample was mounted vertically between the two clamps and secured manually
using mechanical jaws of which the face size is 2.5 cm x 2.5cm. A special sample

gauge length L;=150mm was chosen according to the following condition.
L; =104 (4.1)

where A is the cyclic pitch of stiff yarn in a helical arrangement. This condition is
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adopted based on the numerical study by Wright et al. [84] to ensure a minimum
number of wrap cycles within a specimen gauge length regardless of the yarn geometry.
Tensile tests then were performed up to 30% loading strains for each sample or until
the failure of the stiff yarn, whichever is earlier. The crosshead speed was set as 0.3
mm/s. The applied load and longitudinal tensile strain of samples & then were

recorded using the Bluehill® Software (http://www.instron.co.uk) that is compatible

with Instron testing system. Prior to data recording, samples were stretched cyclically
to 0.01 strain at a rate of 0.lmm/s for several cycles as a ‘bedding in’ process to

minimize the pretension induced during fixation of the samples on the jaws.

b) { ovecion

Moveable Jaw

]

High speed

camera

Computer

Figure 4.1 The tensile testing system used to calculate the Poisson’s ratio of

developed structures: (a) schematic; (b) photograph.

The transversal strain then is calculated from the photographs of samples provided by
the high-resolution CMOS camera and the computer. Following describes the method
used herein. Firstly, by using the remote switch and the camera, a photograph of the
tested sample was taken at every 1% longitudinal strain during the tensile test. These
obtained photographs then were treated with a Digital Image Processing (DIP)
technique in order to have more accurate results. During the treatment process, each
captured photograph (Figure 4.2a) was binarized via the software Adobe Photograph
CC and Matlab R2017a to remove the color noise. Threshold and line refill were also

applied to the obtained binary image so that the edge of the sample could be
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distinguished from the back ground (Figure 4.2b). As there is also yarn hairiness
around the edge of samples, a syntax bwareaopen in Matlab R2017a was used to
remove them and thus preventing inaccurate measurements. Finally, the effective
transverse length of the tested sample was calculated by counting the pixels existing
between the upper and lower boundaries in the treated image (Figure 4.2c). With the
obtained transverse length, the transversal strain & can be calculated by using

Equation 4.2.

(4.2)

where H and H, are effective transverse lengths of the sample at the initial and
stretched states, respectively. From here, the Poisson’s ratio (v) can be calculated with
the longitudinal tensile strain & read from the Instron 5944 tester and transverse

strain &; obtained from the above as follows:

v=-—2 (4.3)

€l

3000 pixels

spoxid 09

—
= | H
il

Figure 4.2 Digital Image Processing for yarn image obtained: (a) captured
photograph; (b) binary and threshold image; (c) image for the calculation of effective

transverse width of auxetic yarn.

The statistical approach used herein is the descriptive statistics. The tested data are

analysed based on their central tendency and variability. For central tendency, it is
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obtained from the arithmetic mean values of tested data set, which has the following
mathematical expression:

1on _ xptxp 44X

X = dim1 X = (4.4)

n n

where x 1is the sample code for each structure and i is the serial number of parallel
samples under this sample code. For variability, it is obtained from the standard

deviation of tested data set, which has the following mathematical expression:

o= -3, (x— %) (4.5)

In figures, the central tendency of tested data set is presented as the curves while the

variability of tested data set is indicated by the error bars.

4.2.3 Results and discussion

Based on the results obtained from the testing, two types of curves, i.e., the transverse
length versus longitudinal length curve and Poisson’s ratio-strain curve, were plotted
for each developed auxetic tubular braided structure in this study. The first type of
curve was used to evaluate the extent of the structure expansion when stretched while
the latter curve was used to measure the Poisson’s ratio yielded from this lateral
expansion. With above two curves, the negative PR effect of developed six structures
could be investigated. On the other hand, the experimental data of tubular braid N1
samples were also added in every curve so that the difference in Poisson’s ratio
between the developed auxetic braids and a conventional braid could be clearly shown.
Following paragraphs present the experimental data and plotted two curves for each
developed auxetic structure. Note that the curve plotted in each figure is the average

value of the tested data of two samples.

Figure 4.3a and Figure 4.3b respectively present the transverse length—longitudinal

length and Poisson’s ratio-strain curves of structure HL. It can be seen that a lateral
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expansion effect was exhibited in the structure HL when stretched, which in turn result

in a negative PR effect.

4.1
a | o Sample HL1
(@) 40 Sample HL2 00fo0
£ 3.9 1 | ——Mean value of Sample HL1 & HL2 0"
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04 F
-0.6
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Figure 4.3 The negative PR effect of structure HL: (a) transverse length—longitudinal

length curve; (b) Poisson’s ratio-strain curve.

As shown in Figure 4.3a, upon application of stretching, the transverse length of the
structure HL decreased firstly before the increase of it. This is mainly due to there exist
voids between the stiff yarn and base tubular braid and thus the stiff yarn could not
displace the structure laterally when it is slightly stretched, yielding a decrease in the
size of the structure. In this period, since there is no lateral shape deformation, the size
decrease rate as well as the Poisson’s ratio of the structure HL (Figure 4.3b) is similar
to those of the conventional positive Poisson’s ratio braid N1. However, it can also be

seen that the size of the structure HL increases rapidly after the initial decrease because
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the shape of it changed from a straight form to a wave form at larger tensile strain.
During that period, as a lateral expansion effect was exhibited, the Poisson’s ratio of
structure HL decreased noticeably from a positive value to a negative value and was
able to maintain this behaviour until the end of the test. Comparatively, it can be seen
that the Poisson’s ratio of a conventional braid kept as a positive value during the

whole tensile test.

Figure 4.4a and Figure 4.4b respectively present the transverse length—longitudinal
length and Poisson’s ratio-strain curves of structure HC. It can be seen that the uni-
direction trapezoidal geometry provided structure HC with two orthogonal planes
exhibiting different PR behaviours, negative PR in one plane and positive Poisson’s

ratio in the other plane.
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Figure 4.4 The negative PR effect of structure HC: (a) transverse length—longitudinal

length curve; (b) Poisson’s ratio-strain curve.

As shown in Figure 4.4a, different size changes were displayed in the structure HC in
its two orthogonal planes. In the plane that is parallel the inserting direction (termed
auxetic plane), the size of the structure HC was able to increase to a larger value
because the zigzag deformation generated when stretched. In the plane that is
perpendicular to the inserting direction (termed normal plane), the size of the structure
HC decreased upon the application of stretching because the stiff yarn could not
displace the braid laterally but only flattened it. Since the size in the auxetic plane
became larger than the initial value while the size in the conventional plane maintained
smaller than the initial value, a negative PR and a positive Poisson’s ratio were
exhibited in two planes respectively, as shown in Figure 4.4b. However, it is worth
noting that the flattening effect caused by the stiff yarn could reduce the size decrease
of the structure HC in its conventional plane. Therefore, a Poisson’s ratio which is
comparatively smaller than that of the conventional braid at large tensile strain was

exhibited in the normal plane of the structure HC.

Figure 4.5a and Figure 4.5b respectively present the transverse length—longitudinal

length and Poisson’s ratio-strain curves of structure FC. It can be seen that by
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employing a bi-direction trapezoidal geometry, structure FC exhibited an expansion
effect in its lateral directions. However, the maximum negative PR of the structure FC

is much smaller than that of the structure HC.

(a)
e 3.7
g
= 3.6
<
En 35
=z
D34
b
33 [[ o SampleFCl —_
E Sample FC2 \
=32 | ——DMean value of Sample FC1 & FC2
——Normal tubular braid (N1)
3.1 . . . . . . . .
150 155 160 165 170 175 180 185 190 195
Longitudinal length (mm)
1.4
(b) o Sample FC1
12 Sample FC2
——Mean value of Sample FC1 & FC2
Lorfe ——Normal tubular braid N1)
S 08
g d
mn 0.6
5
7?04
B
= 02 °
° o
0.0 = - —o 9 % —
0.05 0.1 as 02 033 013
02 @ 9000 é

&
IS

Tensile strain
(b)

Figure 4.5 The negative PR effect of structure FC: (a) transverse length—longitudinal

length curve; (b) Poisson’s ratio-strain curve.

Firstly, it can be seen from the Figure 4.5a and Figure 4.5b that the structure FC
exhibited an expansion effect in its lateral directions and a negative PR effect was able
to be exhibited at large tensile strain levels. However, compared with the previous two
structures and conventional braid, the size of the structure FC decreases more rapidly
at small strain levels (Figure 4.5a) and the positive Poisson’s ratio of it (Figure 4.5b)
was much higher than that of the conventional braided structures. This is mainly due
to the two stiff yarns in FC structure would squeeze the structure into a smaller

diameter before they could display the structure laterally. On the other hand, it is
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interesting to note that there is also a structural rotation besides the zigzag shape
deformation when stretched. Seen from the Figure 4.6, this structural rotation is
reflected by the movement of red point from the left side to the right side with the
increase of the tensile strain. Since this rotation could not result in the lateral expansion,
it may be the cause of the periodical decrease in the transverse length of the structure

FC as shown in Figure 4.5a.

0% 10% 20% 25% 30%

Figure 4.6 The photograph of Sample FC1 at critical tensile strains.

Figure 4.7a and Figure 4.7b respectively present the transverse length—longitudinal
length and Poisson’s ratio-strain curves of structure R1. It can be seen that interlacing
one stiff yarns with other elastic yarns could also result in a tubular braided structure
with negative PR effect when stretched even though the maximum value of negative

PR is reduced compared to that of the structure HL.
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Figure 4.7 The negative PR effect of structure R1: (a) transverse length—longitudinal

length curve; (b) Poisson’s ratio-strain curve.

As shown in the Figure 4.7a and Figure 4.7b, the change of size and Poisson’s ratio of
structure R1 presented a trend similar to that of the structure H1 and a negative PR
effect of it was able to activate at a tensile strain of 17%. However, compared to that
of the structure HL (Figure 4.3b), this activation strain is much larger. This is because
in R1 structure the stiff yarn is interlaced with other elastic yarns and the path of it in
the initial state is in a crimped shape, as shown in Figure 4.8a. Upon the application
of the stretching, the stiff yarn needs to change its shape from the crimp to the helical
(Figure 4.8b) so that it could displace the braided structure laterally. This later
displacement then results in the later activation of the auxetic behaviour as well as the

smaller maximum negative PR.

(a) SHIL ya’rn_ Brz n(hnq process ( Ynn interlacement) (b)St|ﬁ yarn
09005000 2. ..,
N b .
Braiding yarn Braldmg yarn

Figure 4.8 The path of stiff yarn in structure R1 when rolled out into a flat surface:

(a) crimp shape at an initial state; (b) helical shape when slightly stretched.

Figure 4.9a and Figure 4.9b respectively show the transverse length—longitudinal

length and Poisson’s ratio-strain curves of structure R2. It can be seen that similar to
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the structure HC, structure R2 also has two orthogonal planes which respectively
presents a negative Poisson’s ratio and positive Poisson’s ratio. In its auxetic plane,

structure R2 presents a larger maximum negative PR effect compared to the structure

R1.
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Figure 4.9 The negative PR effect of structure R2: (a) transverse length—longitudinal

length curve; (b) Poisson’s ratio-strain curve.

By employing two stiff yarns, the structure R2 presented a different tensile behaviour
compared to the structure R1. Different size changes (Figure 4.9a) and Poisson’s ratio
value (Figure 4.9b) of structure R2 were exhibited when measured in a different plane.
When measured from the front-view plane as shown in Figure 3.10 (termed normal
plane here), the transverse length of the structure diminished linearly to its minimum

value because the helical deformation caused by two stiff yarn are offset by each other
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and thus presented a positive Poisson’s ratio. When measured from the side-view plane
as shown in Figure 3.10 (termed auxetic plane here), the transverse length of the
structure was able to increase to a large value because two stiff yarns are pushing the
structure laterally at intersecting points which causes a zigzag shape deformation. This
zigzag shape then results in the lateral expansion of the FC structure and its transverse
length increase. Apart from the above, it is interesting to note that the trend in
transverse length and Poisson’s ratio value change of structure R2 is similar to that of
the structure HC (Figure 4.4b). This is mainly because the shape deformations of these

two structures are similar to each other.

Figure 4.10a and Figure 4.10b respectively demonstrate the transverse length—
longitudinal length and Poisson’s ratio-strain curves of structure R3. It can be seen that
adding one more yarn on the basis on the structure R2 could result in a structure

expansion in later directions while the overall negative PR effect is reduced.
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Figure 4.10 The negative PR effect of structure R3: (a) transverse length—

longitudinal length curve; (b) Poisson’s ratio-strain curve.

As shown in Figure 4.10a, a common two-stage trend of transverse length change was
demonstrated in the structure R3, i.e., the transverse length of it decreased firstly
before the increase. However, this change is small, yielding a smaller positive
Poisson’s ratio at lower tensile strains and negative PR at higher tensile strains (Figure
4.10b). This can be attributed to the fact that the employment of three stiff yarns
restricts the shape deformation of structure R3 under tension. Therefore, the lateral

expansion of it is small and the negative PR effect becomes less evident.

At last, in order to clearly show the negative PR effect of all developed structures. The
transverse length—longitudinal length and Poisson’s ratio-strain curves includes all

structure were plotted and presented in Figure 4.11.
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Figure 4.11 The negative PR effect of all produced structures: (a) transverse length—

longitudinal length curve; (b) Poisson’s ratio-strain curve.

From the Figure 4.11a and Figure 4.11b, it can be found that three structures, i.e., the
structure HL, the structure HC and structure R2, presented a larger maximum negative
PR value, earlier auxetic behaviour activation strain as well as smaller strain when the
maximum negative PR value occurs compared to other three structures. For HL
structure, it is mainly because there is less interlacement between stiff yarn and other
elastic braiding yarn compared to R1 and R2 and R3 and thus the stiff yarn has less
crimp shape in the initial state. As a result, its auxetic behavior is early activated. In
the meantime, since the stiff yarn is wrapped on the outside of the braiding yarns,
straightening of stiff yarn could displace the whole structure to large deformation,

yielding a larger negative PR.

4.3 Effects of parameters on the negative PR effect

Due to the limitation of the study period, it is impossible to analyze the influence of
parameters on the Poisson’s ratio for every developed structure. Thus, in this study,
two representative structures manufactured by two different approaches, i.e., by
wrapping or inserting extra stiff yarns to the braided structure and by employing both

stiff yarn and elastic yarns in braided structure, were selected to analysis objects for
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the influence of structural parameters on the Poisson’s ratio. The selected two
structures herein were structure HL and structure R1 as they have the same geometry

design but different design approaches and manufacturing processes.

In order to vary the structural parameter settings of samples of these two structures,
six types of component yarns were used. The details of them are listed in Table 6.1. In
order to distinguish component yarns with each other when construct sample with
different parameter settings, yarns with various colours were employed. By using these
component yarns and the fabrication method mentioned in previous chapters, samples
with different structural parameter settings for structures HL and R1 were

manufactured.

Table 4.3 The details of used component yarns for samples with different parameters.

Young’s
Yarn Diameter Poisson’s
Component | Code _ modulus ) Color
constituent (mm) ratio
(MPa)
Stiff yarn D Polyester 0.18 892 0.50 white/red/black
Polyester and
El 0.73 4.10 0.47 white/black
rubber
Elastic Polyester and
E2 0.40 4.10 0.47 black
yarns rubber
Cotton and
E3 0.20 5.75 0.52 white
spandex
Polyester and
F1 2.20 4.23 0.32 pink
rubber
Core yarn
Polyester and
F2 1.45 4.23 0.32 green
rubber
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4.3.1 Sample fabrication

Table 4.4 presents the details of samples with various parameter settings for structures
HL. The initial braiding angle is defined by the angle formed between the central
longitudinal line of the braided structure and axis of the braiding yarn. The initial wrap
angle is defined by the angle formed between the central longitudinal line of the
braided structure and axis of the stiff yarn. Both of two parameters can be adjusted by
changing the stiff yarn wrapping speed, elastic braiding yarn spindle speed and braid
take-up speed accordingly. Overall, the fabricated samples can be split into three
groups according to the considered influence of different parameters. The first group
includes samples X-1, X-2 and X-3 which are produced with the same braiding yarn,
the same core yarn and the same initial braiding angle but with different initial wrap
angles. The second group includes samples X-1, X-4 and X-5, which are produced
with the same braiding yarn, the same core yarn and the same initial wrap angle but
with different initial braiding angles. The third group includes X-6 and X-7, which are
produced with the same initial braiding angle, the same initial wrap angle, the same
core yarn, but with different diameters of braiding yarns. In this group, the change of
the braiding yarn diameter also results in the change of structure size. For all the
samples, the stiff wrap yarn is kept unchanged. Note that five parallel samples were

manufactured for each sample code listed in Table 4.4.

Table 4.4 The details of samples with various parameter settings for structures HL.

Initial wrap and
Sample Component | Diameter
braiding angle Photograph
code yarns (mm)
(degree)
X-1 D+16E1+F1 4.5 21.7 and 20.6
X-2 D+16E1+F1 4.5 17.5 and 20.6
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X-3 D+16E1+F1 4.5 12.1 and 20.6
X-4 D+16E1+F1 4.5 21.7 and 24.5
X-5 D+16E1+F1 4.5 21.7 and 35.7
X-6 D+16E1+F2 3.2 21.7 and 35.7
X-7 D+16E2+F2 23 21.7 and 35.7

Note that three parallel samples were manufactured for each sample code listed in

Table 4.5.

Table 4.5 presents the details of samples with various parameter settings for structures
R1. As the influence of initial braiding angle was unable to be considered here for R1
structure due to the limitation of used braiding machines, we investigate the effect of
adding one stiff yarn for the R1 structure. This may cause the samples presented here
slightly different from the R1 structure design, i.e., the samples Y-2, Y-3 and Y-4 have
two stiff yarns in structure while for a typical R1 has only one stiff yarn in structure.
However, we believe Y-2, Y-3 and Y-4 are part of the R1 design because the main
geometry feature of the R1 is that the stiff yarn is in a helical path in one direction. In
that case, Y2, Y3 and Y4 can be regarded as the R1 structure with different stiff yarn
cyclic pitch. Y-2, Y-3 and Y-4 cannot be categorized into R2 type structure because in
R2 structure one stiff yarn is placed in ‘S’ direction while the other stiff yarn is placed
in ‘Z’ direction. In general, samples of structure can be split into three groups
according to the considered influence of different parameters. The first group includes

samples Y-1 and Y-2, which are produced with a different number of stiff wrap yarn.
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The second group includes samples Y-2, Y-3 and Y-4, which are produced with a
different arrangement of stiff yarns. The last group includes Y-1, Y-6 and Y-7, which
are produced with different diameters of component yarns. The influence of initial
braiding angle and initial wrap angle were not considered here due to the limitation of
used braiding machines. Thus, for all the fabricated samples including the HAY, both
angles were kept unchanged as 35.7° in order to facilitate the analysis. Note that three

parallel samples were manufactured for each sample code listed in Table 4.5.

Table 4.5 The details of samples with various parameter settings for structures R1.

Initial
Sample | Component | Diameter | braiding ‘
[ustration Photograph
code yarns (mm) angle
(degree)

Y-1 D+15E2+F1 3.1

Y-2 | 2D+14E2+F1 3.1

Y-3 2D+14E2+F1 3.1

35.7

Y-4 | 2D+14E2+F1 3.1

Y-5 D+15E3+F1 23

Y-6 D+15E3+F2 1.8

4.3.2 Poisson’s ratio testing method
The testing method mentioned in Section 4.2.2 was used here to assess the Poisson’s

ratio of produced samples for structure HL and R1. However, the whole testing was
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performed up to a tensile strain of 0.5 and 0.25 for samples of structure HL and R1
respectively because of the different length of stiff yarn in the structure. Meanwhile,
it is worth noting that the tested data for HL and R1 in Section 4.2.3 and Section 4.3.2
present a huge difference regarding the negative PR value because of following

réasons:

(1) The data presented in Section 4.2.3 figures are obtained from samples which have
large stiff yarn diameter and have no core yarn inside. Countering that, the data
presented in Section 4.3.2 figures are obtained from samples which have small
diameter stiff yarn and have core yarn inside. Based on the previous studies in auxetic
yarns and our experimental study, the adding of core yarn and the use of smaller stiff
yarn diameter will lead to a larger maximum negative PR of structure. Therefore, the
experimental results in section 4.3.2 are inconsistent with that in section 4.2.3. For
example, the samples of structure R1 presented a maximum negative PR value of -0.1

in Figure 4.7b but -1 in Figure 4.15.

(2) In the meantime, the huge difference in experimental results of Figure 4.3b and
Figure 4.12 are also resulted from the fact that the samples presented in Fig. 4.12 is
pre-tightened before the testing. The pre-tension can make these samples present an
earlier activation of the auxetic effect and larger negative PR value when compared to

samples which are not pre-tightened.

4.3.3 Experimental results and discussion for HL structure
The initial wrap angle is the first structural parameter that can be employed to tailor
the Poisson’s ratio of auxetic tubular braided structures. The Poisson’s ratio-strain

curves of three different types of auxetic braids HL made with the same braiding yarns,
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the same core yarn and the same initial braiding angle, but with different initial wrap
angles are shown in Figure 4.12. It can be seen that the initial wrap angle has obvious

effects on negative PR effect of the structure HL.

0.1 0.2 0.3 : 0.5

—a— Sample X-1 (wrap angle=21.7°)
—— Sample X-2 (wrap angle=17.5°)

Poisson’s ratio
&

Sample X-3 (wrap angle=12.1°)

Tensile strain

Figure 4.12 Poisson’s-strain curves for samples of HL with different initial wrap

angles.

As shown in Figure 4.12, the effect of the initial wrap angle on Poisson’s ratio is clearly
observed in the first stage of the stretching process. It can be seen that the maximum
negative PR of the structure increases with the decrease of the initial wrap angle, but
the tensile strain to reach the maximum negative PR value decreases with the decrease
of the initial wrap angle. As the shape change of the structure HL from a straight form
to a wave form mainly comes from the straightening of the extra stiff yarn, it is
conventional that lower initial wrap angle can cause the early activation of shape
change in structure and thereby result in a better auxetic behaviour as well as the larger
maximum negative PR value. These results showed good agreement with previous
findings on the effects of wrap angle on HAY structures [22, 23, 25], which has a
similar helical arrangement as mentioned. However, these assumptions may become
untrue under certain conditions as having been pointed out by Faisal et al. [26]. By
employing the Finite Element Analysis method, they found a wrap angle of around 7°

is an optimum choice for obtaining the maximum auxetic effect in an auxetic structure
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based on a helical geometry. The angle below 7° would not strengthen the auxetic
performance of the structure but hinder it. On the other hand, lower wrap angle makes
the length of extra stiff yarn in the structure shorter, therefore making it easily
straightened at a lower tensile strain and resulting in an earlier activation of the
negative PR. From Figure 4.12, it can also be seen that the effect of the initial wrap
angle on Poisson’s ratio becomes in-evident after the maximum negative PR point.
This is mainly because the stiff yarn is straightened along the center line of the
structure and thus could not cause the further lateral expansion of the structure, i.c.,

the increase of the cross-sectional size of the structure.

Another critical structural parameter selected for analysis in developed structure HL
is the initial braiding angle. Figure 4.13 illustrates the Poisson’s ratio-strain curves of
three different types of auxetic braids HL made with the same braiding yarns, the same
core yarn and the same initial wrap angle, but with different initial braiding angles,
respectively. It can be seen that the effects of the initial braiding angle are not as

evident as those of the initial wrap angle.

69



—— Sample X-1 (braiding angle=20.4°)

Poisson’s ratio

—+— Sample X-4 (braiding angle=24.5°)

Sample X-5 (braiding angle=35.7°)

Tensile strain

Figure 4.13 Poisson’s-strain curves for samples of HL with different initial braiding

angles.

As shown in Figure 4.13, the maximum negative PR of the auxetic tubular braided
structure HL is slightly increased with the increase of the initial braiding angle in the
whole stretching process. This phenomenon can be explained by the fact that with the
increase of the initial braiding angle, the base braid gets easier extended. This means
its Young’s modulus gets decreased with the increase of the initial braiding angle. As
a result, the lower modulus makes the base braid to be easier bent and thus could
deform into a helical wave with higher amplitude under the straightening of the stiff
yarn, leading to larger expansion in the lateral direction as well as a larger increase in
the cross-sectional size. Therefore, a larger value of negative PR is presented in the
structure with larger initial braiding angle than the structure with the smaller initial

braiding angle.

The last structural parameter selected here for the analysis is the braiding yarn diameter.

Figure 4.14 illustrates the Poisson’s ratio-strain curves of the auxetic braids HL made

with the same initial braiding angle, the same initial wrap angle and the same core
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yarn, but with different braiding yarn diameters, respectively. It can be seen that the

braiding yarn diameter has obvious effects on the Poisson’s ratio.

( 0.1 0.2 0.3 0.4 0|5
0.5
£ s
s
'\m
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@25
E —a— Sample X-6 (braiding yarn
diameter = 0.73mm)
-3.5
Sample X-7 (braiding yarn
diameter = 0.40mm)
-4.5

Tensile strain

Figure 4.14 Poisson’s-strain curves for samples of HL with different braiding yarn

diameters.

As shown in Figure 4.14, the effect of braiding yarn diameter on the Poisson’s ratio is
not very evident in the initial stage of the stretching process. This is because the
structure has a similar shape change when the initial wrap angle is maintained as the
same. However, it can also be seen that the maximum value of negative PR of the
structure increases with the increase of the braiding yarn diameter. The possible reason
is that the auxetic braid with large braiding yarn diameter also has a larger braid
diameter and thus the cross-sectional contour size increase in the structure is more
significant than auxetic braid with small braiding yarn diameter. Also due to the same
reason, the negative PR effect of the auxetic braid with larger braiding yarn diameter
is kept higher than that of the auxetic braid with smaller braiding yarn diameter from

the maximum negative PR point to the fail of the structure.

At last, it is worth noting that it is interesting to note that all produced HL sample here

did not present a positive Poisson’s value at the beginning of the traction does not
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present as it is the case for other samples in this study. The primary reason is that knots
were employed to secure the ends of samples before they were taken down from the
braiding machine. This fixation process not only avoided the possible slippage of the
stiff yarn, but also caused it pre-straightened. Though this straightening effect was
small and could not be observed with eyes, it would lead to instantly decrease of the
Poisson’s ratio of braids at the beginning of the traction and thus no positive Poisson’s

ratio was presented.

4.3.4 Experimental results and discussion for R1 structure

As the wrap angle and braiding angle is fixed for the structure R1 due to the limitation
of the machine, the first parameter analyzed here is the influence of stiff yarn numbers
because the use of stiff yarn is the primary reason that triggers auxetic effect and
influences the Poisson’s ratio in developed auxetic tubular braided structures. The
Poisson’s ratio-strain curves for samples of structure R1 with different numbers of stiff
yarns are compared in Figure 4.15. It can be seen that the number of stiff yarns has an

obvious influence on the Poisson’s ratio of the structure.

1

Tensile strain

Poisson’s ratio

~o—Y-1 (one stiff yarn) R e I |
— Y-2 (two stiff yarns)

-1.5

Figure 4.15 Poisson’s-strain curves for R1 samples with a different number of stiff

yarns.

As shown in Figure 4.15, the R1 structure with two adjacent stiff yarn presents an

earlier activation of auxetic effect but smaller maximum negative PR compared to the
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structure with one stiff yarn. This is because the increase in the transverse width of the
structure is related to the overall lateral displacement of the core caused by all stiff
yarns in the structure. When two adjacent stiff yarns are used in the structure like Y-2,
the core is easier to be displaced laterally at initial action of the stiff yarns, resulting
in an earlier activation of an auxetic effect than the structure with one stiff yarn like

Y-1.

From the above analysis, it is found that the additional stiff yarn will influence the
Poisson’s ratio of the R1 structure. However, this influence may vary because the two
stiff yarns in R1 structure can be arranged to different positions and the distance
between them can be changed. To analyze the influence of this parameter, the auxetic
effect and Poisson’s ratio of R1 samples consisting of two stiff yarns with different
distance were investigated. Figure 4.16 presents the Poisson’s ratio - strain curves of
three R1 sample with different arrangements of two stiff yarns. It can be found that
the distance between two stiff yarns has a significant influence on the auxetic

behaviour of the structure.

Y-2 (two stiff yarn without elastic yarns in between)
Y-3 (two stiff yarn one elastic yarn in between
Y-4 (two stiff yarn one elastic yarn in between

0_05‘-"aj"‘_""\ o.‘1 = oA%SA w02 e

05 /f B2 ——

0 T T

Tensile strain
0.5 il

Poisson's ratio

1 g 8~ - s

-1.5

Figure 4.16 Poisson’s-strain curves for R1 samples with two stiff yarns in the

different distance.

From Figure 4.16, it can be found that the auxetic effect of R1 is weakened by

increasing the distance between two stiff yarns. This phenomenon can be explained by
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constructive and destructive interference between two waves. As the stiff yarn is
helically wrapped onto the core in the R1 structure, the deformation of the core caused
by the stiff yarn in the plane is in a wave shape. In case there are two stiff yarns in the
structure, the overall deformation of the core under extension becomes a resulting
wave of two wave shapes caused by each stiff yarn individually. Thus, as the increase
in distance between two stiff yarns increases the phase difference between two waves,
the lateral displacement of the core caused by them is smaller than that caused by each
stiff yarn. As a result, the auxetic effect of the structure is weakened and a smaller
negative PR effect is displayed. Especially, when two stiff yarns are wrapped onto the
core with a phase difference of n (like Y-4 sample), the auxetic effect of the R1
structure is eliminated. This is because the wave shape (or lateral displacement) of the
core caused by one stiff yarn is opposite to that caused by the other stiff yarn. Table
4.6 presents the photographs of three samples with different distance between two stiff
yarns at different critical tensile strains, from which it can be seen that the overall
deformation of the structure under extension is influenced by the position of two stiff

yarns.

Table 4.6 The photographs of three samples of the R1 structure at different critical

tensile strains.

Tensile

strain

Y-2

Y-3

Y-4
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From the analysis on the structure HL, it is known that the diameter of elastic braiding
yarns could influence the Poisson’s ratio of the structure under tension. To further
evaluate the influence of component yarn diameter, the Poisson’s ratio-strain curves
of three different types of R1 made with the same stiff yarn, but with different elastic

yarns and core yarns are compared in Figure 4.17
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Figure 4.17 Poisson’s-strain curves for R1 samples with two stiff yarns with the

same stiff yarn, but with different elastic yarns and core yarns.

By comparing curves of Y-1 and Y-5 in Figure 4.17 Poisson’s-strain curves for R1
samples with two stiff yarns with the same stiff yarn, but with different elastic yarns
and core yarns., it can be found the effect of elastic yarn diameter is evident at both
small and large strains. R1 structure with larger elastic yarn diameter exhibits a higher
positive Poisson’s ratio at small tensile strains. This can be attributed to the fact that
the major deformation of the R1 structure at small tensile strains is the reduction in
the cross-section size, which is resulted from the diameter decrease in single yarn
components. As the Poisson’s ratio of elastic yarns used here is higher than that of the
core, the use of larger elastic yarn diameter also causes a larger reduction in the cross-
section size of the R1 structure and thus yielding a higher positive Poisson’s ratio. This
situation, however, is inverted after the tensile strain exceeds 8%. The R1 structure

which has larger elastic yarn diameter triggers its auxetic effect earlier and presents a
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larger maximum negative PR than that of R1 structure with smaller elastic yarn
diameter. This result can be attributed to the phenomenon as explained before, that is,
the employment of elastic yarn reduces the value difference between the initial
diameter of the core and the initial transverse width of the R1 structure. As the larger
elastic yarn diameter leads to a larger reduction in that difference, an earlier activation
of auxetic behaviour is presented. At the same time, this early activation of auxetic
effect also leads to a larger maximum negative PR under the same degree of structural
deformation. The other reason is the R1 with larger braiding elastic yarn diameter also
has a larger braid diameter and thus the cross-sectional contour size increases in the
R1 structure is more significant. Because of these reasons, the negative PR effect of
the R1 with larger elastic yarn diameter is activated earlier and kept larger than that of

the R1 with smaller braiding yarn diameter to a tensile strain of 25%.

By comparing curves of Y-5 and Y-6 in Figure 4.17, it can also be seen that the auxetic
effect of the R1 is significantly influenced by the core diameter. An earlier activation
of the auxetic effect as well as a larger maximum negative PR is exhibited in R1
structure with larger core diameter. This phenomenon is consistent with the findings
in a helical auxetic yarn system [39], where a higher core/stiff diameter ratio provides
a better auxetic performance. The main reason for this phenomenon is that R1 structure
with larger core diameter also has a larger lateral displacement under extension and
therefore presenting a higher maximum negative PR. Meanwhile, the increase in
diameter of the core simultaneously increases the diameter ratio between core/elastic
yarns so that the effect of elastic yarn on the transverse width of the structure is
weakened. As a result, the decrease in the transverse width at small strains of the R1
structure with larger core diameter is smaller, thus presenting an earlier decrease in the

Poisson’s ratio.
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4.4 Conclusions

In this chapter, a preliminary experimental study was conducted to investigate the

negative PR effect of developed six auxetic tubular braids and the effects of different

structural and material parameters. Based on the results gained from the testing,

following conclusions are drawn for the negative PR effect of developed six auxetic

tubular braids:

All developed six tubular braids presented a negative PR effect when stretched.
Among them, two structures, i.e., the HC structure and R2 structure exhibited
different Poisson’s ratio values in different planes, negative in one plane and
positive in its orthogonal plane.

Structures with core yarn inside have a lower positive Poisson’s ratio at small
tensile strains compared to those without core yarn inside.

For all produced structure, the transverse length of them decreased first before

it increased.

On the other hand, following conclusions are drawn for the effects of different

structural and material parameters on the negative PR effect of the structure:

All selected three structural parameters, i.e., the initial wrap angle, the initial
braiding angle and the braiding yarn diameter have influences on the negative
PR effect of the auxetic tubular braided structure HL. Overall, the HL structure
with a lower initial wrap angle, a higher initial braiding angle and a larger
braiding yarn diameter has a better auxetic performance under tension.

All selected three structural parameters, i.e., the stiff yarn number, the distance
between two stiff yarns in the structure and the component yarn diameter have

influences on the negative PR effect of the auxetic tubular braided structure
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R1. Overall, the R1 structure with larger elastic yarn diameter, larger core

diameter has a better auxetic performance.
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CHAPTER 5 THEORETICAL ANALYSIS OF THE AUXETIC
BRAIDED STRUCTURE

5.1 Introduction

This chapter presents the theoretical analysis of the developed two auxetic braided
structures, i.e., HL. and R1, which have similar shape deformation mechanism under
tension. An analytical model which can be used to predict the Poisson’s ratio of
structure under axial extension is developed based on the existed geometric
relationships. The developed model is first compared with the experimental data
obtained in Chapter 4 in order to validate its accuracy. Using the results calculated
from the established model, the effects of identified parameters on the Poisson’s ratio

of the structure then was discussed.

5.2 Analytical modelling

5.2.1 Uniaxial extension structural deformation analysis

As presented in the Section 3.2.1 and Section 3.3.1, the unique geometry designs of
structure HL and structure R1 had provided them with a special helical shape
deformation when longitudinally extended. In detail, this structural deformation can

be divided into two stages and can be described as follows.

The first stage starts with the initial and ends when the structure reaches its largest
contour cross-sectional width. As shown in Figure 5.1, in this stage the stiff yarn
straightens upon application of a longitudinal tensile strain and in doing so displaces
the braiding yarns and the core yarn laterally. The whole structure which is of straight
tubular shape in the initial state is then converted into a wave shape when stretched.

During that process, the helical radius of the stiff yarn decreases with the continued
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applying of stretching. Meanwhile, the helical radius of the core yarn and braiding
yarns increases. The cross-sectional contour size of the whole structure then reaches
its maximum value when the stiff yarn becomes straight along the center line of the

whole structure.

P
b o
~ ‘6‘;-.« ‘:—7 N .{_::j]} |

Figure 5.1 The deformation of the structure in the first stage.

The second stage starts from the end of the first stage and ends with the failure of the
stiff wrap yarn. As shown in Figure 5.2, in this stage the stiff yarn cannot displace the
core yarn and braiding yarns laterally to further extent as it is completed extended to
a straight line along the center line. Because of that, the effective diameter the structure
(which is equal to the minimum diameter of a tubular than can contains the whole
structure inside) decrease with the increased tensile strain due to the decrease of the
cross-sectional size of the three component yarns as well as the reduction of the helical
wave shape of braided structure. This situation continues until the stiff yarn fails
eventually due to the excessive stretching. At that time, the whole structure

immediately converted back into a straight shape.

Begin End
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Figure 5.2 The deformation of the structure HL in the second stage.

5.2.2 Basic assumptions
From above, it can be seen that the deformation of two structures during the tensile
process presented a typical helical shape change. There, an analytical model which is

similar to that of the helical auxetic yarn [125] can be established and used to
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theoretically predict the overall Poisson’s ratio behaviour of two structures with
following assumptions.

(1) The Poisson’s ratio of all component yarns is constant during the whole tensile
process.

(2) The cross-section of component yarns has a perfectly regular shape during the
whole tensile process.

(3) The interactions force and the relative slippage effect between three component
yarns are neglected.

(4) The crimp of the stiff yarn in both HL and R1 structure is neglected and thus the
shape of it before the tensile process is a perfect helical shape.

(5) From the experimental results presented in Section 4.3.4, it can be found that the
effects of the initial braiding angle on the negative PR effect of the structure are not
evident. Based on that finding, the braiding angle is assumed to be kept unchanged
during the whole tensile process in this analytical model.

(6) In the first stage, there are only shape changes in the stiff yarn, i.e., from a helical
to a straight line, and thus it has no longitudinal extension. As a result, the diameter of
it is constant. Meanwhile, the diameter of the braiding yarns and the core yarn
decreases due to the elongation and helical shape change. In the third stage, the stiff
yarn becomes straight along the center line of the whole structure and thus the
continued stretching will cause it extended and contract. Meanwhile, the diameter of
the braiding yarns and the core yarn continues decreasing because of the further

stretching.

Based on the above assumptions, mathematic formulations where Poisson’s ratio of
the structure is represented its seven parameters, namely the initial helical angle of

stiff wrap yarn f,; the Poisson’s ratio of component yarns, including v,, for the stiff
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yarn, v, for braiding yarns and v, for the core yarn; and the initial diameter of the
component yarns, including D,, for stiff yarn, D, for braiding yarns and D. for the
core yarn, had been devised in this analytical model. The detailed derivation process

is presented as follows.

5.2.3 The Poisson’s ratio of structure in the first stage.
Based on the Poisson’s law, the Poisson’s ratio of the whole structure can be expressed

as;

1 H-Hy _ 1
v & = e a (5.1)

where &, & are the transverse and longitudinal strains of whole auxetic structure
respectively while Hy and H are the maximum transverse length of whole auxetic
structure at zero strain and ¢; strain respectively. Therefore, in order to establish the
geometrical relationship between Poisson’s ratio of the structure and its seven
parameters, it is necessary to representthe H, and H with selected seven parameters

and longitudinal strain of the whole auxetic structure ¢;.

To represent the H, with selected structural parameters, one cycle of the structure is
taken, as shown in Figure 5.3. Based on the assumption (3) that interactions force
between three components yarns are neglected, the maximum transverse length of the

hole auxetic structure at zero strain can be presented as:

Hy = D.q + 4Dy + 2D, (5.2)

where Dy, D, and D,,, are the initial diameters of core yarn, braiding yarns and
stiff yarn respectively. As for H, it is determined differently in the first stage according

to the different value longitudinal strain &. When ¢; is small, as the stiff yarn is
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placed outside of the base braid, the transverse length of the whole auxetic structure is

determined by the outer edge of the stiff wrap yarn as follows;

/1 0

e

‘\1)\1'”
2

Figure 5.3 One geometry cycle of the structure in the initial state.

H=2r+D, (5.3)

where r and D,, are the helical radius and diameter of the stiff wrap yarn at g
strain respectively. However, the situation reversed when &; becomes large. The stiff
yarn which are placed outside of the base braid moves into the inner place with the
increase of the &; and the base braid gradually expands into the outer place. Thus, the
cross-sectional width of the whole auxetic structure becomes being determined by the
outer edge of the base braid. Based on the assumption (3) and (5), core yarn and

braiding yarn share a same helical radius. Thus, the H can be obtained in the Equation

(5.4);
H = 2R + D, + 4D, (5.4)

where R is the helical radius of core yarn and braiding yarn while D, and Djare the
diameter of the core yarn and braiding yarn at &; strain respectively. The cross-
sectional width of the whole auxetic structure at any given stain in the first stage then
should be the larger value obtained from Equation (5.3) and Equation (5.4), which is

given as follows;
H = Max (2r + D,,, 2R + D, + 4Dy) (5.5)

Since the diameter of the stiff yarn is kept unchanged in the first stage;
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Dy, = Dy, (5.6)

It is required to present r, R, D. and D, with seven known structural parameters.
Since there is no elongation in the length of stiff yarn per pitch in the first stage, the r
then can be calculated by rolling out one cycle of the structure at zero stain and at g

into a flat surface, as shown in Figure 5.4.

/
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Figure 5.4 Trigonometric relationship exists between r and ¢;.

Based on the triangle relationship between r and ¢; in Figure 5.4, we have;

r = Losinf _ 1oy 1—-(1+€)2 cos? B, (5.7)

2T sin B

From Figure 5.3, it can be known that the initial helical radius of the stiff yarn 7y is:

_ (Dco+4Dpo +Dyo)J 1-(1+£7)2 cos2 B
2 sin fq

(5.8)

By substituting Equation (5.8) into Equation (5.7), the r can be represented by known

structural parameters as:

_ (Dco+4Dpo +Dyo)J 1-(1+£7)2 cos2 B
2 sin By

r (5.9)

In order to present R, D. and D, with known structural parameters, a cross section
of the structure when the structure is deformed into a helical shape is presented in the
Figure 5.5. With the relationship between [ and the helical radius of the stiff wrap

yarn 7, the helical radius of the base braided structure R can be calculated as follows:
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Stiff wrap yarn's axis

Figure 5.5 The cross-section of the structure when the structure is deformed into a

helical shape.

_ (Dc+4Dp+Dy) r= (Dc+4Dp+Dywo) (Dco+4Dpo+Dwo)y 1=(1+£)? cos? Bo

R 2 2 2sin B (5.10)
According to the Poisson’s raw, the diameter of the core yarn D, is;
D¢ = Deo(1 —veer) (5.11)

Base on the assumption (3) and (5), it can be known that braiding yarn has a same

longitudinal strain of the core yarn. Thus, the diameter of braiding yarn is:

Dy = Dpo(1 — vpec) (5.12)

The ¢, then can be obtained by the triangle relationship between the helical radius of

the core yarn and the longitudinal strain of the whole structure in the Figure 5.6 as:
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Figure 5.6 The triangle relationship between the helical radius of the core yarn and

the longitudinal strain of the whole structure.

\/(27TR)2+/102(1+81)2—/10
Ep = T

(5.13)

According to Figure 5.3 and Figure 5.4, 1, and [, have the following relations:

7(Dco+4Dpo+Dyo)
tan BO

AO=

(5.14)

By substituting Equations (5.11) to (5.14) into Equation (5.10), the helical radius of
the core yarn and braiding yarns in the first stage can be represented with selected

parameters as;

Vel @rRtan Bo)2+m2(Deg+4Dpo+Dwo 2(14))?

D 1+v bo L
co ¢ H(D¢0+4Db0+DW0)
R

2

>+2Db0<1+vc—

Vpy (27R tan B)? +72 (Do +4Dpo+Dwo) 2 (1+£1)2 + Dywo  (Dco+4Dpo +Dyo)y/ 1-(1+£1)? cos? By
TL'(DC() +4Db0 +DWO) 2 2 sin ﬁo

(5.15)

It can be seen from Equation (5.15) that the R of the base braid can be solved because
there is only one unknown parameter and R varies from the longitudinal strain ¢; of
the whole structure when stretched. With the Equation (5.1), (5.5), (5.6), (5.9) and
(5.15), the Poisson’s ratio of the structure in the first stage then can be expressed as

follows;
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(Do +4Dpo+Dywo)y/1=(1+¢1)2 cos2 Bo—sin By (Deo+4Dpo+2Dwo)

£15in By (Do +4Dpo+2Dyo)
J(ZnRLan/fo)z+1rz(Dco+¢DbD+DW0)z(l+E()z| } (Dco+4D o+ Do) 1-(1+8)° cos? By
Deo b Dwo 7
J J sin B

7(Dco+4Dpo+Dwo)

J(Zn’RLan B0)2+72(Deo+4D g+ Do) (1+e;)° |
ve m(Dco+4Dpo+Dwo)

Dpo|V,

(-
v = Max(vy,v,) 4

|

v -

£1(Dco+4Dpo+2Dywo)

(5.16)

Meanwhile, based on the assumption that the stiff yarn has no elongation in the first
stage and it becomes straight at the end, the longitudinal strain of the structure at the

end of the first stage &.; can be calculated from the Figure 5.4 as:

e —loho_ 1
crt Ao cos B

~1 (5.17)

5.2.4 The Poisson’s ratio of structure in the second stage.

Differ from the situation in the first stage, the maximum transverse length of whole
structure in the second stage is always determined by the outer edge of the braiding
yarns because the stiff yarn becomes straight along the center line. Base on the
Equation (5.1), (5.2) and (5.4), the Poisson’s ratio of the structure in the second stage

then is:

J — ZRADH4Dy—Hy 1 _ 2R+De+4Dp=Deo=4Dpo=2Dwg
Hy Ex €x(Dco+4Dpo+2Dys0)

(5.18)

Based on the Equation (5.18), it is required to represent R, D. and D, with known
structural parameters. In the second stage, as there is no separation between the
components, the helical radius of core yarn and braiding yarns can be expressed as

follows.

__ (Dw+Dc+4Dp)
2

R (5.19)

As all three component yarns have a radial contraction in this stage, their diameter has

the following formula according to the Poisson’s law;
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D, = DCO(l - chc)
D¢ = Dpo(1 — vp&p) (5.20)
Dw = DWO(l - ngw)

Compared with its original length A,, the longitudinal strain of the core yarn &, can

be obtained from Figure 5.7.

2mR

Lo(1+E&w)

Figure 5.7 The triangle relationship between the helical radius of the core yarn and

the longitudinal strain of the stiff yarn.

\/(27TR)2+L02(1+€W)2—/10
E. =
c /’10

(5.21)

Based on the assumption, the longitudinal strain of braiding yarns is equal to that of

core yarn, thus;

\/(ZﬂR)Z +Lo%(1+ey)2 -2
= =

&p = & (5.22)

As it 1s assumed that the stiff yarn in the second stage is completely straight along the
center line, the longitudinal strain of stiff yarn ¢, can be obtained according to its

relationship with the longitudinal strain of the whole auxetic structure &;, which is:

Lo(1+¢,) =2,(1+¢) (5.23)

Based on the relationships between Ly, 4, and [, in Figure 1 and Figure 2, the

Equations (5.21), (5.22) and (5.23) can be expressed as Equation (5.24).
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w2(Dco+4Dpg +DW0)2(1+sl)2
cos2 By

\/(Zn'R)Z tan2 B+

(Do +4Dpo+Dwo)

-1

Ec =

(5.24)

 2(D¢o +4Dbo+Dwo)2 (1+£l)2
' cos2 By

\/(ZnR)z tan2 B,

7(Dco+4Dpo+Dyo)
\e,, = (1+¢g)cosPBy—1

-1

Ep =

By substituting Equations (5.20) and (5.24) into Equation (5.19), the helical radius of

the base braid R in sthe econd stage is:

J(Zn’R)z tan? Bo+m2(Dco +4Db0+DW0)2(1+sl)2
DCO 1+vC_vC TL'(DC() +4Db0+DW0)
R = > +2Db0<1+vb—
v J@2rR)2 tan2 By+m2(Deo+4Dpo+Dyg)? (1+£))? + Dyyo (1+vy,—vy, (1+€7) cos Bo) (5 25)
b (Deo+4Dpo+Dwo) 2 )

Based on the Equations (5.20), (5.24) and (5.25), the Poisson’s ratio of the structure

in the second stage is:

\/(ZTTR)Z tan2 Bo +m2 (DCO +4Dpq +DW0)2 (1+El)2
Deo| ve—vVe
= +

7T(DC0+4-DbO +DWO)
V =
€1(Dco+4Dpo+Dyo)
D J(ZTL’R)Z tan? Bo +1m2 (DCO+4’Db0 +DW0)2(1+81)2
4Dpo| Vb—Vp
7(Dco+4Dpo+Dwo) + Do (14 —vyy (1+€)) cos Bg)—2Dyo
€1(Dco+4Dpo+Dyo) £1(Dco+4Dpo+Dwo)
(5.26)

5.3 Model validation

In order to validate the accuracy of the established analytical model, the results
calculated from the mathematic formulations generated in the model were compared
with those obtained from the experiment testing. In this case, the initial values of
geometrical parameters in the model are set to be the same as those of Sample HL1

and Rla which were investigated in Chapter 4 and are relisted in Table 5.1. The
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Poisson’s ratio values as a function of tensile strain obtained from the experiment and
theoretical calculation are shown in Figure 5.8. It can be found that the Poisson’s ratio
value calculated from the analytical model are much larger than those from the
experiment due to the model is established only based on the geometry relationships
without considering the interaction between component yarns. Another reason is that
the interlacement between stiff yarn and other elastic braiding yarns in both HL and
R1 structures are not considered in the model and thus the shape of stiff yarn in the
model is different from its shape in real state. In the meantime, it is due to this
ignorance of the interlacement between stiff yarn and other elastic braiding yarns that
the geometrical model here cannot discriminate the difference between these two
structures. However, since the Poisson’s ratio — strain obtained from the model have
the same variation trend with those obtained from the experimental testing, and the
tensile strain where the negative Poisson’s effect is activated is almost same to that of
R1 and HL, this model is capable of predicting the overall Poisson’s ratio behavior
trend of these two structures. Therefore, the model is used to qualitatively analysis the
effect of the structural parameters on the negative PR behaviour of the structure HL

and R1 in this study.

Table 5.1 The geometrical parameters in the initial state used for theoretical

calculation.
Initial diameter Poisson’s ratio
Initial wrap angle
core yarn | Braiding yarn | Stiff yarn Core Braiding Stiff
of stiff yarn
D.o Dyo Do yarn V, yarn Vp yarn Vg
2.2 mm 0.7 mm 0.7 mm 0.32 0.47 0.65 35°
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Figure 5.8 The comparison between results calculated from the established model

and experimental results obtained from the testing for structures HL and R1.

5.4 Effects of parameters on the Poisson’s ratio based on the
analytical model

5.4.1 Effects of initial wrap angle of stiff yarn

In Chapter 6, it was found that the initial wrap angle could be used to tailor the
Poisson’s ratio of structure HL and a lower initial wrap angle would result in early
activation of negative PR effect as well as a higher maximum negative PR value. This
finding was validated by the results calculated from the analytical model, as shown in
Figure 5.9. Besides that, it can also be found from the Figure 5.9 that the higher initial
wrap angles would not only alleviate the auxetic behaviour of the structure but also
could eliminate it; for example, the structure with an initial wrap angle of 50°
presented a conventional positive Poisson’s ratio when stretched. This is mainly
because the stiff yarn in the structure with higher initial wrap angle has a longer length
than that in the structure with lower initial wrap angle. Thus, larger tensile strains are
required to straighten the stiff yarn completely. However, as the diameter component
yarns decrease with the increase of the tensile strains. The diameter of the structure is

much smaller than its initial value at large stains. Thus, even though the stiff yarn could
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displace the structure laterally at large stains, the transverse length of the structure is
still smaller than its initial diameter and thus presenting a positive Poisson’s ratio. On
the other hand, it is interesting to note that the structures with an initial wrap angle of
20° and 30° presented a similar Poisson’s ratio after a tensile strain of 0.16. The
probable reason is that the main deformation of the structure after the maximum
Poisson’s ratio value is the contraction of components yarns. As the Poisson’s ratio
and the initial diameter of used component yarns are same for the structures in Figure

5.9, the Poisson’s ratio of them presented similar values at higher tensile strains.
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Figure 5.9 Effects of the initial wrap angle of the stiff yarn.

5.4.2 Effects of the diameter of component yarns

In Chapter 4, the effects of diameters of elastic braiding yarns and core yarn had been
analysed. Here, effects of the diameter of all three component yarns would be
investigated by using the established analytical model. The Poisson’s ratio — strain
curves for structures with different core yarn diameters, different braiding yarn
diameters and different stiff yarn diameters are presented in Figure 5.10a, 5.10b and

5.10c respectively.
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Figure 5.10 Effects of the diameter of components yarns on the negative PR effect of
the structure: (a) effects of core yarn diameters; (b) effects of braiding yarn

diameters; (c) effects of stiff yarn diameters.

As shown in Figure 5.10a and Figure 5.10b, the structure with larger core yarn

diameter and larger braiding yarn diameter presented an early activation of the auxetic
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behaviour as well as a larger maximum Poisson’ ratio when stretched. This can be
attributed to the fact that the increase of core yarn diameter and braiding yarn diameter
would increase the lateral displacement caused by the stiff yarn and thus lower the
Poisson’s ratio of the structure. On the other hand, however, it can be found that the
effect of the braiding yarn diameter is not as evident as that of the core yarn diameter.
This is mainly because the diameter of braiding yarn is small compared to that of the
core yarn and thus the changes in its diameter have less impact on the Poisson’s ratio

of the structure.

In contrast with the above, it can be found that the structure with larger stiff yarn
diameter a delayed activation of the auxetic behaviour as well as a smaller maximum
Poisson’ ratio when stretched (Figure 5.10c). This is because the increase of the stiff
yarn diameter would lessen the diameter difference between it and the whole structure.
Therefore, less lateral displacement of the structure could be caused by the
straightening of it. As a result, smaller negative Poisson’s effect is exhibited in the

structure with larger stiff yarn diameter.

5.4.3 Effects of the Poisson’s ratio of component yarns

Besides the above two types of parameters, the influence of another material parameter,
i.e., the Poisson’s ratio of the component yarns, was analyzed here. The Poisson’s ratio
— strain curves for structures with different core yarn Poisson’s ratios, different
braiding yarn Poisson’s ratio and different stiff yarn Poisson’s ratio are presented in

Figure 5.11a, Figure 5.11b and Figure 5.11c respectively.
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Figure 5.11 Effects of the Poisson’s ratio of components yarns on the negative PR
effect of the structure: (a) effects of core yarn Poisson’s ratios; (b) effects of braiding

yarn Poisson’s ratios; (c) effects of stiff yarn Poisson’s ratios.

As shown Figure 5.11a and Figure 5.11b, the maximum negative PR value of the

structure increased with the decrease of the Poisson’s ratio of the core yarn and
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braiding yarns. This is because the contraction of the components is a major
deformation of the structure when stretched beside its lateral displacement. As
Poisson’s ratio defines the ratio between the changes in wise and length direction,
components with lower Poisson’s ratio has smaller diameter contraction when
stretched. Therefore, the structure constructed by components with lower Poisson’s
ratio has a smaller diameter reduce and thus presents a lower Poisson’s ratio. However,
this effect is not evident for the stiff yarn, as shown in the Figure 5.11c, because the
diameter of the stiff yarn is much smaller than those of the braiding yarns and the core
yarn. Therefore, the change in the Poisson’s ratio of it has less impact on the Poisson’s

ratio of the structure

5.5 Conclusions
In this chapter, the influence of structural parameters on the negative PR effect is
studied via the theoretical analysis. Geometry relationships between the Poisson’s
ratio of the structure and its seven parameters were established for structure HL and
R1 to investigate the effects of these structural parameters on negative PR effect of the
structure. Based on the theoretical analysis, following conclusions could be obtained.
e The effects of the initial wrap angle of the stiff yarn on negative PR effect of
the structure are evident. A lower initial wrap angle would result in a larger
maximum Poisson’s ratio value of the structure.
e The effects of the component diameter of component yarns on negative PR
effect of the structure are apparent but not evident as the initial wrap angle.
The structure with larger core yarn diameter, larger braiding yarn diameter and
smaller stiff yarn diameter will present a larger maximum Poisson’s ratio value.
e The effects of the Poisson’s ratio of component yarns on negative PR effect of

the structure are not as evident as previous two parameters, especially for that
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of the stiff yarn. A lower initial wrap angle would result in a larger maximum

Poisson’s ratio value of the structure.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

This thesis is concerned with a systematic study of braided structures with negative
PR. Its principal objects include design and fabrication of novel auxetic tubular
braided structures, assessment of their negative PR behaviour under uniaxial loading
condition, identification of the relationships between Poisson’s ratio of the structure
with its structural parameters via both experimental the theoretical analysis. The
developed auxetic tubular braids show potential in commercial values, and the
experimental and theoretical investigations on them laid a foundation for the further
study of auxetic braids, auxetic fabrics as well as other auxetic materials. The main

findings and achievements can be concluded as follows.

6.1.1 Design and fabrication of the novel braided structures with negative PR

In this study, six novel tubular braided structures with negative PR effect were
successfully designed and fabricated via using two approaches, i.e., to wrap or insert
extra stiff yarns onto the tubular braided structure and to employ both stiff yarns and
elastic yarns in the braided structure. With the unique helical and trapezoidal geometry
design in structure, all developed braids presented a shape change from a straight line
to a crimp curve and therefore displaying a lateral size expansion as well as negative
PR when stretched. As these developed auxetic braids could be fabricated using a
slightly modified or a conventional circular braiding technology, they can be produced

expertly with low cost.

6.1.2 Experimental investigation on the developed six auxetic braided structures

A tensile testing system consists of an Instron 5544 Universal Testing Machine, a high-
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resolution CMOS camera and a computer was employed in order to assess the
Poisson’s ratio of developed auxetic braids. The results showed that all manufactured
braids exhibited high negative PR behaviour when stretched and maintained this
behaviour until the end of the testing. A similar variation trend of the Poisson’s ratio
value, which first increases and then decrease with the increase of the longitudinal
tensile strain was exhibited in all developed six braided structures. Among them, the
braid with an extra stiff yarn helically wrapped the tubular braided structure presented
the largest maximum negative PR under tension. Meanwhile, different Poisson’s ratio
values were measured in different planes for two structures, a negative value in one
plane and positive value in its orthogonal plane. On the other hand, by comparing the
negative PR effect of samples with different parameter settings, it was found that
auxetic braided structure with a larger core yarn diameter, a larger braiding yarn
diameter, a smaller stiff yarn diameter, component materials with lower Poisson’s ratio

and a lower initial wrap angle presented a better negative PR effect when stretched.

6.1.3 Theoretical analysis of the developed six auxetic braided structures

An analytical model based on geometrical relationships between components yarns
was established in order to predict the Poisson’s ratio of auxetic braided structure
under extension. The accuracy of it was validated by comparing its results with the
obtained experimental data. By using the established model, the effects of structural
parameters, namely initial wrap angle of stiff yarn, the diameter of component yarns

and the Poisson’s ratio of component yarns, were thoroughly evaluated.

6.2 Contributions
Materials and structures with negative PR, termed auxetics, have gained increased

scientific interest in the past three decades due to their counter-intuitive behaviour and

99



enhanced properties. In contrast with the achievement of negative PR in textile fibers,
yarns, knitted and woven or nonwoven fabrics, the development of auxetic braid is
lagging. Given that, the completion of this study provides a way to design and fabricate
novel auxetic braided structures with feasible approaches. The emerging of these novel
auxetic braids may tackle the problems existed in the use of conventional positive
Poisson’s ratio braided products. On the other hand, the relationship between the
negative PR effect of the developed auxetic braid and its parameters were found
through the experiment work and theoretical analysis conducted in this study.
Meanwhile, the deformation behaviour of these structures under uniaxial tension was
clearly revealed. The developed analytical model could also be used to optimize the
developed structure for desired performance criteria besides being the starting point
for the analysis of structural influence on the negative PR effect and the approaches
for designing auxetic tubular braid proposed in this study, i.e., to wrap or insert extra
stiff yarns onto the base braided structure and to employ both stiff and elastic yarns in
braided structure itself, could be utilized to develop various kinds of braids with

different cross-sectional shapes.

6.3 Limitations
Due to the constraints in time and resources, there were still limitations in this study,
including:

e The experiment and theoretical investigation on the effect of different
parameter settings on the Poisson’s ratio did not cover all the auxetic tubular
structure developed in this study.

e In the current analytical model, the crimp of stiff yarn in the initial state is not
considered. Thus, the Poisson’s ratio values of two structures calculated from

analytical model failed to match the experimental results ideally.
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It is noticed that the stiff yarns in the structures R1, R2 and R3 are interlaced
with other elastic braiding yarns and thus the path of it in the structure in the
initial state is not in a helical shape but more like a sinusoidal wave, as shown
in Figure 5.8a. This initial sinuous shape could influence the activation of the
negative PR effect of the structure because the stiff yarn needs to be
straightened before it could displace the structure laterally. However, the effect
of it had not been evaluated in this study.

In this study, the negative PR effect has been achieved only on the tubular

braided structures. Other braided structures wait to be explored.

6.4 Recommendation for future work

Based on the work described in this thesis, the research on auxetic braided structures

can be further enhanced and extended by the following:

The effect of different parameter settings on the Poisson’s ratio could be
investigated by the experimental and theoretical analysis used in this study.

In future analytical models, the crimp of stiff yarn in the initial state can be
considered so that the accuracy of the theoretical results could be improved.
Overall, it is believed that there could be three deformation stages in future
analytical models instead of two deformation stages in the current analytical
model. The new three stages could include the first stage where the stiff yarn
changes its initial crimp shape into a helical shape, the second stage where the
stiff yarn become straight and displace the braided structure laterally and the
third stage where the diameter of the structure starts to decrease continuously.
Tubular braided structures with different braiding patterns, such as diamond
braid (stiff yarn goes on and under one elastic yarn), regular braid (stiff yarn

goes on and under two elastic yarns) could be utilized to construct new auxetic
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tubular braided structures because they have the different interlacement
numbers between yarns and thus has different crimp shape of the stiff yarn.
The negative PR effect of them can then be investigated and compared to
analysis the influence of crimp shape of stiff yarn on the negative PR effect.

Other braided structure, such as flat braid braided structure, 3D braided
structures and braided structures with variable cross-sections, could be
explored to design and fabricate braids with negative PR by using the two
approaches developed in this study, i.e., to wrap or insert extra stiff yarns onto
the base braided structure and to employ both stiff and elastic yarns in braided

structure itself.
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