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Abstract: Fibers and textiles are ubiquitous in our daily lives, with mechanical properties that match
the design specifications for the task for which they are intended; the development of yarns with
a negative Poisson’s ratio (NPR) is a hot topic of current research, owing to their potential for use
in high-performance textiles (e.g., military, sports, etc.). This study described a simple approach to
constructing braided, helically interlaced yarns. When a torque is applied, the yarns prevent the
wrapped component from dislodging from the core. The geometry and auxetic behavior of the braided
helical structure was analyzed for two different combinations of core materials with similar wrap
materials and different braiding angles. Two elastomeric materials (polyurethane (PU) and polyester)
served as monofilament cores, while two stiffer multifilament wrap yarns (ultrahigh molecular
weight polyethylene (UHMWPE) and polyethylene terephthalate (PET)) served as wrap yarns. In
addition, the behavior of yarns braided at seven different angles was investigated to determine the
materials’ response to the applied braided configuration’s NPR. The NPR was influenced by the core
and wrap materials used and the braiding angle. The NPR value was greater for a core comprising
more excellent elasticity (e.g., PU versus polyester); a smaller wrap angle and a slower braiding speed
also led to a higher NPR value. The maximum NPR value of −1.70 was obtained using a PU core
wrapped at a 9◦ angle and a strain value of 0.5.

Keywords: auxetic material; negative Poisson’s ratio; textile structures; fibers; braid geometry

1. Introduction

Materials that exhibit a negative Poisson’s ratio (NPR) under tensile load are known
as auxetic [1]. In contrast to most conventional materials, auxetic materials become thicker
upon stretching and narrower when compressed, as shown in Figure 1. They expand
laterally when subjected to tensile loads and compress under compression loads. These can
be described in simple words as the materials, when stretched in one direction, expand in
the direction transverse to the loading direction. It follows that if the load is reversed from
stretching to compression, the materials contract in transverse direction [2]. The first auxetic
material (although the concept of auxeticity was not known at that time) was investigated
from the thermodynamically stable model for elastic properties of a two-dimensional
isotropic system of hard cyclic hexamers with a negative Poisson’s ratio (NPR) studied
by Monte Carlo (MC) simulations and then solved rigorously at zero temperature [3,4].
These models, along with the work by Lakes et al., marked an important milestone in the
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development of auxetic materials [5]. The MC methods were attractive since they did not
require any microscopic definition of pressure or tension (stress) and in the experiments,
the size and shape of the selected material (box) varied under constant thermodynamic
pressure and/or tension conditions. These auxetic materials are the subject of intense
research interest with their mechanical properties like impact resistance, Young’s modulus
and shear modulus, energy absorption, indentation resistance, fracture toughness, sound
absorption, vibration damping, hardness (increased compared to conventional materials),
and the sync-elastic behavior (dome shape formation) of sheets and panels [6–16].

Figure 1. The comparison of (a) conventional material and (b) auxetic material under the influence of
tensile force.

Auxetic materials have numerous applications in different fields of daily life. An
interesting example is the expanding Hoberman sphere used for shelters and buildings;
sports shoes with an auxetic shoe upper improve the comfort level and fit according to the
complex size and shape of the foot at rest and during sporting activity. The aerospace and
transport sector employs auxetic materials for vibration damping, shape morphologies
(curved components, e.g., nose cone), blast curtains, and impact protection components.
Cleanable filters are auxetic materials, and auxetic materials have also found applications
in healthcare and biomedicine as arterial prostheses, artificial spinal disc implants, dilators
and stents, drug-delivery systems, ultrasonic imagers, hip implant devices, and scaffolds
for tissue engineering [17].

There are materials with an NPR of natural and synthetic origins, including but not
limited to single crystals, e.g., NAT type Zeolite [18,19], and cubic metals [20]. An NPR
effect was observed in ferromagnetic films (Fe, Ni, Co, and permalloy) [21,22], metal, and
polymeric foams [5,23]. Currently, over 450 crystalline materials with an NPR are known
in which more than 300 crystals have cubic anisotropy [24,25]. Cow teats [26] for which at
strains below 0.1, the Poisson’s ratio of skin measured biaxially is very much greater than 1.0,
and cat skin [27], various types of honeycomb structures including re-entrant structure, double
arrowhead, the star-shaped structure, and the sinusoidal ligament’s structure etc. [6,28–31], foam
with different materials and shapes such as tubular foams [32,33], and various types of
2D, 3D composites [34–41] are considered as natural auxetic materials. Synthetic materials
including polymeric materials that exhibit auxeticity were first reported by Caddock and
Evans in 1989 [42]. They also modified the PTFE microstructure by expansion during the
sintering process and subsequently used this process for polypropylene (NPR of −0.22 at
1.6% strain) [43], nylon, and UHMWPE (indentation resistance enhanced by 2.5 times at low
loads, NPR value of −0.32 at low strain) [44]. Auxetic fibers of PP, PE, and nylon provide
opportunities for enhanced reinforcement of composite materials [45], and such auxetic
fibers were used to produce woven textile fabrics for commercial applications in sports,
medicine, and defense. Woven textile structures can exhibit auxetic behavior through
the fabric thickness due to a geometric effect, and such behavior has been studied by
modeling [46]; a Poisson’s ratio of −0.6 was measured across the fabric width by tailoring
the knitted textiles from Nomex and polyester fibers [47]; in all cases, auxetic behavior was
attributed to the geometric effects.



Crystals 2022, 12, 781 3 of 15

Recently, extensive numerical analysis and modeling has been performed by many
researchers in the field of auxetic materials [48–52]. Hoover et al. simulated the dynamic
analyses of auxetic behavior of mesoscopic model structures by using DYNA 3D and
PARADYN numerical analysis. Kasal et al. used the latest 3D printing technology for
experimental and numerical analysis of dowel pins for furniture joints. The NPR effect of
cylinders was investigated with the geometrical orientation correlation between rigid com-
ponents by Pikhitsa et al. The latest research on auxetic materials focuses on the addition of
nanomaterials to study their effect on an NPR. The Monte Carlo simulation study of the
elastic properties of the f.c.c. hard sphere crystals with periodic array of nano inclusion
filled by hard spheres of another diameter caused incredibly significant change in the elastic
properties. This hybrid inclusion enhanced the auxeticity [53]. Grima et al. worked on the
wine-rack like carbon allotropes with tetrasubstituted phenyls and cyclobutadiene centers
and studied their compressibility properties. It was shown that some of these systems
exhibit negative linear compressibility while others show near zero compressibility [54].
The elastic properties, structural stability, and deformation behavior of graphene-based
diamondlike phases were studied by Lisovenko et al. using the molecular dynamic simu-
lations method. Their results revealed that considering the molecular dynamic approach
from the stability point of view, two out of eight graphene-based diamondlike phases were
found to be stable. In a nonelastic regime, stable diamondlike phases can be stretched
to 0.012 and compressed to 0.1 [55]. Study of elliptical inclusion to rotating rigid square
revealed that the centers of ellipses form a square lattice of the unit lattice constant. The
influence of geometry and material characteristics on the effective mechanical properties
found an NPR of −1 for anisotropic inclusion of low Young’s modulus. The observed
changes in both the Poisson’s ratio and the Young’s modulus were complex functions of
composite parameters [56].

Sloan et al. [57] studied the auxetic effect at the yarn stage. They observed that
helical auxetic yarns (HAY) could be fabricated by simply winding or twisting different
conventional filaments with spinning machines in direct contrast to the auxetic fibers
produced by more complicated processing. The double helix yarn (DHY) was the first
reported HAY in auxetic textiles and was produced by winding a stiff yarn around a softcore
yarn. Wright et al. [58] carried out a finite element analysis and an experimental study to
investigate the influence of structural and material parameters on the auxetic performance
of the DHY. Iftikhar et al. performed the numerical analysis of the binding yarn float length
for a 3D auxetic structure [59]. Sibal et al. [60] also proposed a DHY system to predict the
auxetic behavior through an energy minimization approach, and Bhattacharya et al. [61]
investigated core-indentation effects on the auxetic behavior of the DHY.

Knitted and woven fabrics and composites have been produced from HAY and
DHY [62]. There are two approaches to fabricating auxetic textiles from the yarns: In
the first approach, conventional yarns are knitted or weaved in a special geometrical ar-
rangement, e.g., plain, twill, satin, and matt design, to get the auxetic effects. Hu et al.
studied the behaviour of single and double stretched auxetic woven fabric made from
nonauxetic yarn based on foldable geometry [63]. In the second approach, the auxetic
yarns manufactured by various simple processes are used directly to fabricate woven or
knitted textiles from these yarns. Many researchers reported that the auxetic yarn in the
weft direction can control the structural performance of the fabric. Nazir et al. conducted
experiments for multifilament PP and aramid fiber Kevlar for different geometrical struc-
tures such as plain, 2/2 matt, 2/2 twill, and 3/1 twill. The 2/2 matt and plain-woven fabric
showed higher NPR effect and structural stability as compared to the twill design [64].
Recently, investigation about the experimental analysis of auxetic woven fabrics with a
basket weave structure and a derivative weave structure was reported [65]. Analyzing
the elastic recovery of the fabric, weave structures, and wrap density of the auxetic yarn
revealed that the derivative structure arranging the yarns in a series of zigzags can reach
the maximum negative Poisson’s ratio of −0.585. Gao et al. used a super elastic PU core
with high modulus nylon 6.6 to develop HAY with an NPR value of −5.6. The material
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modulus and elasticity exhibited a high NPR effect. Subsequently, warp wise and weft
wise fabrics were also manufactured from this auxetic yarn [66]. These auxetic fabrics with
variable permeability under tensile loading could be further explored for applications such
as filters, drug-delivery systems, smart bandages, and blast-proof curtains to catch the
debris coming up from bomb explosions. Miller et al. [35] developed the first auxetic woven
fabric from dual helix yarns which was subsequently used as reinforcement for composite by
coating with silicone rubber matrix. The in-plane Poisson’s ratio of the fabric changed from
positive 0.06 to negative −0.1 by using DHY with a maximum NPR value of −2.1.

Introducing auxetic effects at the yarn stage is interesting because relatively simple
techniques fabricate the auxetic yarns. Various geometric structures of auxetic yarns have
been investigated. Thus far, HAY, semi auxetic yarn (SAY), auxetic plied yarn (APY),
DHY, and interlaced helical yarn (IHY) structures have been reported. Yarn wrappers (a
rotating spinner consisting of three spools for feed yarn, a rotating circular disc wrapper
and winder setup and a braiding machine) are commonly employed to produce yarns
with various wrap angles and structures. To overcome problems like slippage of the wrap
yarn from the core during fabrication, which would result in poor yarn structures of the
two-component helical auxetic yarns, a 3-component auxetic system was introduced by
Zhang et al. [67]: they coated a sheath over the HAY; however, the auxetic effect decreased
with larger coating thickness.

Sloan et al. [57] suggested using polyurethane as the core fiber and polyamide as the
wrap fiber to produce DHY. Their results showed that the auxetic behavior was strongly
affected by the starting wrap angle of the yarns, both in terms of the magnitude and
the strain range. Liu et al. [68] fabricated a novel interlaced helical yarn (IHY); the two-
component yarn with a helical wrapping structure exhibited auxetic behavior with a
unique performance, having a relatively higher stability structure due to the interlacing
of three yarns during braiding. The results of the auxetic effects of IHY with HAY using
a similar combination of materials as wrap and core and similar initial wrap angle were
also compared, which exhibited structural stability and profound auxetic effects for IHY
over HAY.

Here, we reported the results of a comparative study of braided auxetic yarns fab-
ricated from two stiffer yarns with two different compliant cores on a braiding machine.
The auxetic effect was investigated using various processing parameters during fabrication
(angle/speed of the bobbins/machinery, core/wrap materials etc.) and characterized by
imaging and mechanical testing.

2. Experimental Section

Two compliant core materials were used: monofilament polyurethane and polyester
cords with low stiffness and multifilament UHMWPE and PET yarns with sufficient stiff-
ness. The properties of the core and wrap materials (as provided by the manufacturers)
are listed in Table 1. Two stiff wrap yarns were helically wrapped around a compliant core
yarn to fabricate the various braided yarns. The linear density of the auxetic yarn samples
with a PU core was 0.51 g/m, while samples with a polyester core had a linear density of
0.18 g/m.

A braiding machine (Figure 2) was used to fabricate and achieve a stable regular
yarn structure. Two spindles moving in opposite directions were used to fabricate braided
helical yarns. The assembly consisted of a control feed rate mechanism with a fixed base at
the bottom for the core yarn, rotating spindles for the wrap bobbins driven by reversible
motors, and a fixed take-up bobbin at the top to collect the wound yarn. The braid angle
was adjusted by controlling the feed of the yarn components, either by varying the main
motor rpm from 70 rpm to 154 rpm at an interval of 15 rpm or by changing the yarn take-up
speed (which was kept constant at 1 rpm in our experiment). The number of twists in
the entire length of the braided geometry of the yarn could be controlled by the braiding
machine, and the twist level could be modified by keeping the rotation speed constant
while decreasing the yarn drawing speed or vice versa.
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Table 1. Properties (as provided by the manufacturer) for the individual yarn components.

Type of Fiber/Yarn
Fiber/Yarn

Diameter (µm)
Linear Density Elongation at

Break (%)
Breaking
Load (N)

Young’s
Modulus (MPa)g/m dtex

PU Elastomer, TROFIL®

Monofil Technik GmbH,
Hennef, Germany

600 0.36 3560 650 50 114 ± 2

PET, Morssinkhof®

Sustainable Products, Emmen,
Netherlands

24 0.11 1120 13.8 84.3 420 ± 30

UHMWPE, Dyneema® SK-75,
Almere, Netherlands

13 0.04 411 2.56 140 22,500

Polyester cord, Beads Park
China, Guangzhou, China 800 0.03 3360 80 54.2 630

Figure 2. Custom-designed braiding machine used for braided yarn fabrication.

Software ImageJ was used to measure the braid angles at different points, taken from
microscope images shown in Figure 3. Yarns with seven different braiding angles (ca. 9◦,
11◦, 13◦, 17◦, 19◦, 21◦, and 23◦) were prepared and named according to these angles as
shown in Table 2.

Figure 3. Measured angles for twists for both the wraps with PU core.
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Table 2. The yarns sample identification.

Sample ID Core
Material

Planned Braid
Angle (◦)

Measured
Braid Angle (◦) Sample ID Core

Material
Planned Braid

Angles (◦)
Measured

Braid Angle (◦)
A-1

Polyester
cord

9 9 + 0.09 B-1

PU
elastomer

9 9 + 0.17

A-2 11 11 + 0.09 B-2 11 11 + 0.21

A-3 13 13 + 0.17 B-3 13 13 + 0.13

A-4 17 17 − 0.05 B-4 17 17 + 0.40

A-5 19 19 + 0.25 B-5 19 19 + 0.23

A-6 21 21 + 0.21 B-6 21 21 − 0.11

A-7 23 23 + 0.32 B-7 23 23 + 0.19

Tensile testing of these yarns was performed using a universal testing machine (UTM
-Zwick Roell Z100, Ulm, Germany) with a 5 kN load cell, and an extensometer was attached
to measure the displacements accurately. Precise diameters of core and wrap fibers were
obtained using an SEM (JSM 7800 F, JEOL, Tokyo, Japan) operating at 5 kV accelerating
voltage. Measurements were made for 3 random samples of each monofilament fiber taken
from the spool as supplied by the manufacturer at a higher magnification that was sputter-
coated with gold, at a thickness of 10 nm, using a Q150 RS coater (Quorum Technologies,
Lewes, UK). The SEM micrographs are shown in Figure 4.

Figure 4. SEM micrographs of as received yarns. (a) PU elastomer. (b) PET. (c) UHMWPE.

The gauge length for all the samples was fixed at 100 mm. The software Test Expert-
3 was used for measuring the applied load and linear separation of the clamps. The
specimens were mounted vertically and tested, using a pretension of 0.5 N. One end of the
yarn was secured in the upper clamp, while the other end secured in lower clamps was
pretensioned before closing to remove all the slack without appreciable stretching. The
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braided samples were stretched until the breaking of the wrap, as it failed preferentially.
A crosshead speed of 10 mm/min was set, allowing greater accuracy in the yarns’ image
acquisition.

Auxeticity was determined using a high magnification (750 MP) DSLR camera (Can-
non, Tokyo, Japan) and extensometer to record longitudinal strains accurately. The camera
was fixed at a working distance of 250 mm from the sample to take images for better control
over the field of view at a fixed resolution. The field of view was selected at the start of
testing and remained fixed throughout the tensile test. Images were taken at 4-s intervals
with constant regular strain intervals throughout the test. Yarns were visually inspected
before testing to ensure consistency of braid angle and conformance of the wrap with the
core along the entire sample gauge length.

Images were captured at a strain interval of 0.03 to 0.04 for longitudinal and lateral
strains measurements. These images were analyzed in ImageJ, an open-source image
analysis tool. ImageJ can calculate area and pixel value statistics for user-defined selections
and intensity-thresholder objects. It can also measure distances and angles. The software
processed these images to calculate the difference in length due to the elongation. Similarly,
the change in diameter of the auxetic yarn (i.e., core and wrap) was also calculated, which
varied due to the interchange in positions between the core and wrapped yarn. The images
were used to measure the outer contour diameter of the yarns, DI in the initial pre-strain
and DL in the longitudinal strain of εL. Then the radial/lateral strain εR was calculated from
Equation (1) [57], and the Poisson’s ratio for the yarns was calculated using engineering
strains εR and εL according to Equation (2).

εR = (DL/DI − 1) × 100% (1)

υ = −εR/εL (2)

3. Results and Discussion

The load vs. extension plots for the individual fiber/yarn are shown in Figure 5.
UHMWPE and PET had significantly greater modulus and ultimate tensile strengths
than PU and polyester. On the other hand, PU and polyester appeared to have greater
longitudinal displacements than UHMWPE and PET. UHMWPE requires a significantly
higher breaking load of 80 N than a polyester cord, PET, or PU elastomer. On the other
hand, the PU elastomer is significantly more elastic than the other stiffer yarns, exhibiting
greater than 100% extension under a load of approximately 30 N. As a result of combining
these properties, the braided yarns exhibit the auxetic effect. Figure 6a,b illustrates the
standard deviations for all three sets of experiments regarding force and applied strain for
the individual components.

Figure 5. Load-displacement curves for individual yarns.
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Figure 6. Standard deviations regarding (a) force and (b) displacement.

Initially, the carousel setup was used to wind the wrap yarns around the core helically;
however, after manufacturing auxetic yarns with low structural stability due to wrap
slippage from the core, we switched to a braiding machine with 48 spindles (Figure 2).

3.1. Braided Yarn with Polyester Core

Moreover, Figure 7 depicts the load vs. extension curves for all seven braided samples
made from polyester core with two wraps (designated as A-1 to A-7 in Table 2). When
the load was applied, the wrap yarns straightened from their helical configuration, while
the core yarn converted to a helical configuration due to its lower stiffness. The braided
yarn’s 150 N breaking load was three times that of the polyester cord core alone, which
was 50 N. Between 125 N and 150 N (depending on the braid angles of 9◦ to 23◦), the wrap
yarns became straightened, which resulted in the wrap filaments being ruptured. A smaller
number of turns on the lower angle braided yarn provided less resistance and allowed
greater extension under applied load. The braided yarn exhibited auxetic effects in line
with the model suggested by Liu et al. [68].

Figure 7. Load-displacement curves for polyester core-based yarn A-1 to A-7.

It is well-known from the literature that most common materials have positive Pois-
son’s ratio values. While the Poisson’s ratios of the individual cores and wraps used in this
study were positive, they became negative when braided. Additionally, a large wrap to core
angle resulted in more turns per unit area of the core yarn (interlacement using a braider).
As the twist count of wrap yarns increased, it tended to cause increased deformation of
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the core yarn, making it more difficult to interchange with the wraps, resulting in only
the core yarn contributing to the auxetic yarn’s strength, resulting in a lower NPR value.
In contrast, fewer turns increased the probability of the braided yarn changing shape,
resulting in larger auxetic effects. Thus, the braided auxetic yarn (BAY) properties were
determined mainly by the component materials and their geometrical structure, such as the
angle selection. Reduced braid angles resulted in increased auxetic behavior. Larger auxetic
behavior resulted from lower braid angles. The effect of applied strain on the Poisson’s
ratio (υ) determined for samples A-1 to A-7 with angles 9◦ to 23◦, respectively, for the
braided auxetic yarn with polyester cord as core and UHMWPE and PET as wrap materials,
is shown in Figure 8.

Figure 8. Poisson’s ratio vs. applied strain for polyester core-based yarn samples A-1 to A-7.

Initially, at low strains, the A-1 yarn sample at 9◦ showed positive υ to a specific limit,
which dropped linearly with increasing strain. The yarn with initial lower angle reached
the minimum positive Poisson’s ratio and the maximum NPR. At strain below 0.05, a rapid
increase in υ for the structure was observed following a sharp decrease. This was the onset
of the auxetic behaviour; however, the yarn showed auxetic effects at a very small strain
rate. Besides, the Poisson’s ratio of the complex yarns with the minimum initial braided
angle changed from positive to negative firstly, due to the interactive compression between
the yarn components, which can achieve balance quickly with lower axial strain when
the core is interlaced helical wrapped by the two stiff yarns symmetrically with a smaller
initial angle. The auxetic effect continued further with applied strain and a maximum
NPR value of −0.98 was observed at strain rate of 0.17. The auxetic effect decreased with
further increasing the strain until failure of either of the wrap component. Thus, the contour
dimension of the complex yarn rapidly increased to its maximal value. Therefore, the lower
initial wrap angle played a positive role in achieving the complex yarns with better auxetic
effect. This behaviour of the BAY was characteristic of the geometry. Increasing the angle
to 11◦ as in sample A-2, a similar low strain behaviour with rapid increase and subsequent
decrease in υ to a value of −0.09 was exhibited. The change in the angle affected the auxetic
behaviour of the yarn. Further increasing the yarn angle to 13◦ for sample A-3, the initial
positive increase in υ followed by a gradual decrease to NPR value of −0.17 with increasing
strain was observed. The maximum auxetic effect was exhibited by sample A-1 at a lower
angle and lower strain values. The NPR values with variable strain values are shown in
Table 3. An increasing trend with increasing the angle is observed, i.e., for higher angles,
even at low strain value, the NPR values reduce and gradually attain a positive value or
nonauxetic effect.
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Table 3. The NPR for minimum strain values for polyester cord core braided yarns.

Sample ID Measured Braid Angle (◦) Strain Value Poisson’s Ratio

A-1 9 + 0.09 0.17 −0.98

A-2 11 + 0.09 0.31 −0.09

A-3 13 + 0.17 0.71 −0.17

A-4 17 + 0.21 0.512 −0.01

A-5 19 + 0.12 0.234 −0.09

A-6 21 + 0.41 0.08 +0.10

A-7 23 + 0.14 0.019 +0.15

The variation in the NPR values was due to the yarn structure with the increasing
number of turns of the wrap yarns, which limited the core yarn to change its shape in line
with the model suggested by Liu et al. [68]. It is evident from Figure 8 that a higher wrap to
core angle causes a larger number of twists of wrap yarn per unit length of the core among
the tested values of angle. This, in turn, resulted in greater lengths of wrap yarns with the
same length of core yarn. During the application of strain, greater elongation in the core
was also obtained, resulting in an increased wrap to core angle. This higher elongation
caused increased change in the length. The higher axial changes compared to transversal
change led to lowering the NPR values with increased wrap to core angles and vice versa.

3.2. Braided Yarn with PU Core

In the free state, Figure 9 shows a stable structure of the braided yarn with two
stiffer yarns interlaced symmetrically around the PU core yarn. The varying motor speeds
correspond to the varying braid angles, for example, 70 rpm equals 9◦, 85 rpm equals 11◦,
etc. The number of yarn twists could be observed at various motor speeds and angles. The
greater the angle, the more twists there are and vice versa.

Figure 9. Braided auxetic yarns with PU core in the unloaded free state developed at different speeds.

Figure 10 illustrates the relationship between applied load and extension for samples
B-1 to B-7 containing PU elastomer as the core and similar wraps to those found in the
category ‘A’ yarns. The breaking loads of various samples braided at various angles ranged
between 60 and 125 N; the breaking loads were observed to be 500% greater than the
breaking load of the PU core alone. Increased breaking loads were caused by material
properties and the observed shape change from helical to linear, which resulted in the
core straightening during load application due to the wraps’ increased stiffness. Figure 11
demonstrates the mechanism of shape change (a–d). The wrap yarns are initially interlaced
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around the core’s outer surface. When axially stretched under tensile load, the stiffer yarns
symmetrically distributed around the core produce the pulling force and wrap increasingly
tightly around the core to achieve force and moment equilibrium. At this point, the cross-
section of the core has contracted, and the diameter has decreased. Then, as the axial strain
increased, the difference in elastic modulus between the yarn components caused the stiff
yarns to transition from helical wrap to straight, whereas the core transitioned from a
straight to a bending position, exhibiting a sinusoidal curve. As a result, the complex yarn’s
contour dimension increases rapidly to its maximum value, resulting in auxeticity. Further
stretching reduces the diameter while the compliant core straightens to the point of wrap
yarn breakage. This finding corroborates well with Liu et al.’s work [68]. Wrap yarns were
straightened and then ruptured at a force between 60 and 125 N. Increased wrap to core
angle corresponds to increased turns per unit area of core yarn. With increasing wrap yarn
turns, it becomes more difficult for the core yarn to share the load with the wraps, and thus
only the core yarn contributed to the composite yarn’s strength. In contrast, fewer twists
increased the likelihood of exhibiting auxetic effects via shape-change behavior.

Figure 10. Load-displacement curves for PU core-based yarn sample B-1 to B-7.

Figure 11. (a–d) Deformation mechanism in auxetic yarn with PU elastomer.

Poisson’s ratio vs. strain behavior for samples B-1 to B-7 is shown in Figure 12. The
selected braid angles ranged between 9◦ and 23◦. The experiment was performed for all
seven samples. Maximum auxetic effect was exhibited at lower angle and lower strain
value. At higher angles, an increasing number of turns of the wrap yarns limited the core
yarn to change its shape, thereby reducing the probability of auxetic effect.
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Figure 12. Poisson’s ratio vs. extension for PU core-based yarn samples B-1 to B-7.

The Poisson’s ratio at different strain values for all seven PU elastic core samples with
two wraps are tabulated in Table 4. It is evident that the Poisson’s ratio value varies with
the applied strain.

Table 4. The NPR for minimum strain values for PU elastomer cores braided yarns.

Sample ID Measured Braid Angle (◦) Strain Value Poisson’s Ratio

B-1 9 + 0.17 0.427 −1.70

B-2 11 + 0.21 0.75 −0.86

B-3 13 + 0.13 0.71 −0.11

B-4 17 + 0.09 1.426 −0.081

B-5 19 + 0.27 1.875 −0.032

B-6 21 + 0.35 1.235 −0.039

B-7 23 + 0.14 0.639 +0.012

The investigation of 14 braided yarn samples with seven braided angles revealed
significant NPR values at low applied strains that gradually decreased as applied strains
increased. Additionally, it was discovered that the initial lower braid angle was critical for
attaining the maximum NPR values, implying that the braid angle directly affected the NPR.
This was most likely caused by interactive compression between the yarn components,
which achieved positional interchange at lower strains when the core was wrapped in two
stiffer yarns braided helically with a smaller initial braid angle. Thus, the braided yarn’s
contour dimension rapidly increased to its maximum value, resulting in the maximum
NPR. According to a few researchers, for example [57], the modulus ratio between the core
and the wrap is one of the primary factors contributing to the increased NPR value. Due to
the stiffer yarn with a higher tensile modulus, UHMWPE had the highest NPR value. The
contrast between the core and wrap materials also aided in developing auxetic behavior.
When the stiff yarn’s modulus was greater at low strain, it shifted from the braided helical
state to wrapping the core to straighten, resulting in a greater deformation, and its radial
strain rapidly increased to its maximal value, thus contributing towards an improved NPR
effect. All the samples investigated in this study failed due to the rupture of wrap yarns.

4. Conclusions

In this study, a selection of braided yarns was examined to determine the effects of
braid angle and material properties on Poisson’s ratio. The braided yarns with a lower
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initial braid angle and stiff wrap yarns with a higher tensile modulus had better auxetic
properties at lower strains. The three samples A-1, A-2, and A-3 with polyester cord as
the core showed lower NPR values of −0.98, −0.09, and −0.17, respectively, at lower
strain values. At higher angles, the auxetic effect decreased to zero. Samples with a
PU core showed a higher auxetic effect with greater NPR values of −1.70, −0.86, and
−0.11. Both the yarns showed auxetic behavior. In contrast, the stronger auxetic effect
was observed in the greater elasticity yarn braided with wraps of greater modulus. The
braided yarn had a breaking strength of 150 N, which was three times greater than the core
polyester cord’s load of 50 N. We believe auxetic fibers and their composites have significant
potential for use in high-value-added applications supporting advances in technical and
medical technologies [69–77] that can support the United Nations Sustainable Development
Goals (UN SDGs), particularly UN SDG (decent work and economic growth), (industry,
innovation, and infrastructure), and (reduced inequalities).
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