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Parametric sensitivity analysis to maximise auxetic effect of polymeric fibre

based helical yarn

Jack McAfee, Nadimul Haque Faisal'

School of Engineering, Robert Gordon University, Garthdee Road, Aberdeen, AB10.7GJ, UK

Abstract

Studies on designing polymeric fibres based helical auxetic yarn (HAY) to maximise
their auxetic effect are yet to propose optimised design configurations for general impact
mitigation applications. This study therefore presents optimal design parameters through
analytical calculations and finite element (FE) method: Three main design parameters were
considered which includes Poisson’s ratio, core/wrap diameter ratio, and starting wrap angle.
The Poisson’s ratio of the HAY was calculated by measuring its total diameter at a given rate
of strain. The investigation found here to be a starting wrap angle of a HAY (critical angle)
that resulted in the highest possible exhibiting of the auxetic effect. The critical angle was
determined to be 7°, and a maximum NPR of -12.04 was achieved with this design.

Keywords: helical auxetic yarn (HAY), design parameters, negative Poisson’s ratio

(NPR), sensitivity, parametric analysis, safety applications.

Nomenclature

NPR — Negative Poisson’s Ratio
FEA - Finite Element Analysis
HAY - Helical Auxetic Yarn

o — Wrap angle (°)
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Uy,  — Poisson’s ratio of yarn

L — Length of yarn (mm)

Lo — Initial core length (mm)

L,y  — Initial wrap length (mm)

d. — Core diameter (um)

dy — Wrap diameter (um)

d.o — Initial core diameter (um)

dw  — Initial wrap diameter (um)

Ex — Longitudinal engineering strain
&y — Contractile engineering strain

1. Introduction

It has been suggested that helical auxetic yarn (HAY) can be woven into technical
auxetic textiles and placed in a composite for body armour and blast mitigation applications
[1]. A material that is auxetic exhibits a negative Poisson’s ratio (NPR). This means that the
cross-section of the material will become larger when a tensile force is applied in the
transverse direction, and smaller when a compressive force is applied in the transverse
direction. The opposite is true in conventional materials [2]. Auxetic materials have been
found to possess a range of unconventional mechanical properties. These include increased
indentation hardness [3], fracture toughness [4], strain energy dissipation [5], and shear
toughness [6, 7]. These unusual properties make auxetic structure ideal for use in many
applications in many different disciplines, including defence, fashion, medicine and sport [8-
10].

The helical auxetic yarn (HAY) presented itself as the most fitting structure to be

chosen for the study; as well as having the greatest potential to maximise the auxetic effect



[11-19]. The HAY has been shown to be capable of achieving a NPR of -6.8 [17], which is
the highest published value of any auxetic material to date. An array of HAY's that make up a
fabric sheet all exhibiting a NPR would amplify the auxetic effect, thus increasing the
desirable enhanced mechanical characteristics. Work published by previous authors up to
now, has identified key parameters involved in manipulating the behaviour of the HAY, such
as the starting wrap angle [13-15,17], tensile moduli of component materials [13,15-17], and
fibre diameter sizes [13-14]. However, contradictory claims made by various authors as to
which design configuration increases the auxetic effect have made it evident that further
investigation is required to determine the optimal design parameters. Whilst previous studies
have shown that lowering the starting wrap angle tends to result in a higher maximum NPR
[13-14, 17]; none have identified at which angle that assumption becomes untrue. This study
aims to determine the optimal design configuration for maximising the auxetic effect by
finding the starting wrap angle which results in the greatest NPR using finite element analysis
(FEA). The scope of the study wasextended to investigate the effect of changing core and
wrap diameter sizes through FEA.

Papers published on HAY s since they were first designed by Hook [7] have studied
the design characteristics of the structure and focused on identifying the defining factors that
contribute to the auxetic behaviour in the material [13-17]. This has been done mainly
through simulated or experimental tensile testing; or by comparisons of both tests. The
structure of the HAY can be defined by various geometrical parameters that all have an effect
on its auxeticity to varying degrees. These were the factors considered in the modelling of the
yarn. The factors are: wrap diameter, core diameter and starting wrap angle [13]. The
material properties that affect a HAY’s performance are: Young’s modulus of both core and
wrap; and Poisson’s ratio of core and wrap. Various studies of HAYs [11-12, 15] showed that

the wrap angle has a profound effect on the NPR value. For example, different values for



NPR obtained by Miller et al. [11] based on three different HAY designs. The lowest wrap
angle of 10° resulted in the largest NPR value of -5.8, indicating that a low starting wrap
angle is desired for maximising the auxetic behaviour of the HAY. The results of Sloan et al.
[15] study generally agreed with these findings. The HAY with the lowest angle of 13°
achieved a maximum NPR of around -2.5. The HAYs with wrap angles of 30° and 38°did
not ever have a negative Poisson’s ratio when put in tension. This revealed that the influence
of the starting angle of the wrap on NPR is so prominent, that an angle too large will prevent
the auxetic effect from taking place at all [15].

Wright et al. [14] observed that the selection of boundary conditions at the end of the
yarn have a minimal effect on the yarn behaviour after 10 cycles.”A model made up of 10
cycles displayed results within 1.5% accuracy of a model of 50 cycles — showing that the end
effects did not have a profound effect on result accuracy at that many cycles. The findings
indicated that designing of the HAY model did not require an excessive number of cycles.
Wright et al. [14] also claimed that the stiffness of the fibre components were the major
influences on the performance of the HAY. They alleged that a HAY with a low stiffness
ratio is not fit-for-purpose; and it was shown that a lower core/wrap diameter ratio results in a
higher NPR value: The study also highlighted the effect that increasing the Young’s modulus
of the wrap.-had onthe NPR value. Study by Sibil and Rawan [13] claimed that by increasing
the core/wrap diameter ratio — and therefore lowering the stiffness ratio — the value of NPR
can be increased. They showed that a HAY with a stiffness ratio of 0.003 (achieved by
virtually reducing the wrap diameter by three orders of magnitude) displayed a higher
magnitude of NPR when compared to a HAY with a stiffness ratio of 7.4. These contrasting
results made it difficult to predict the ideal design parameters the HAY should have had, but
elucidated the need for further study to determine the ideal design configuration to maximise

the auxetic effect. To further develop the design of the HAY, it was important to identify the
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optimum configuration of core and wrap that this previous work had not shown. However,
both studies showed that the core/wrap diameter ratio is inversely proportional to the
core/wrap stiffness ratio.

For the arrangement of wrap and core to work as intended; the wrap should be
composed of material with a relatively high Young’s modulus, and the core should be
composed of material with a Young’s modulus lower than that of its wrap counterpart [18]. It
is also important to note that the behaviour of HAY fabrics is heavily affected by the inter-
yarn contact friction and shear, and in single HAY's this is compounded by the friction and
contact between the core and the wrap. However, in this study, the model does not consider
contact friction between the core and the wrap, and therefore, the purpose of this study is to
optimise the design features of the auxetic behaviour under deformation mechanisms and

enhanced properties because of having a negative Poisson’s ratio.

2. Methodology
The model in this study was analysed under the axial tensile load test conditions. The
tensile testing method is the only procedure to date, that has been used to determine the NPR
of a HAY [11-19]: The load was applied until a maximum deformation of 1 mm per cycle of
HAY had beenreached [17], and the model does not consider contact friction between the

core and the wrap.

2.1 Poisson’s Ratio
To discover how prominent, the effect of changing the component Poisson’s ratios of
the HAY, a sensitivity test was carried out. This would involve the comparison of NPR
values achieved by the HAY used in Sibal and Rawan’s study [13], with a new design. As

previously mentioned, the study assumed a Poisson’s ratio value of 0.3 for both core and



wrap components. These components were made of nylon and carbon fibre, respectively.
However, the real Poisson’s ratio for these materials can be sourced from data sheets or
manufacturers. A data sheet provided by DuPont confirmed that the Poisson’s ratio for nylon
66 is 0.4 [20]. These values were selected as the material properties for the new design of
HAY. The remaining input parameters of each model, i.e. Young’s modulus, component
diameter and wrap angle, are shown in Table A (sensitivity test). The reason for changing
only component Poisson’s ratio values was to confirm from the test that a different NPR

would be attributed to Poisson’s ratio, and prove the new model results to be more authentic.

2.2 Wrap Diameter

Sibal and Rawan’s study [13] attempted to prove that a greater core/wrap diameter
ratio increases the auxetic effect, but Wright et al. [14] study contradicts their results, by
claiming the opposite to be true. These inconclusive results indicated that further
investigation was required to verify which of those claims were correct. To do so, models
with varied core and wrap diameters were designed and analysed. Using a base model with
the same parameters as-Model A2 from the previous section, variant designs were produced
for the test. Model A2 was used as the base design for this test because the material properties
of that model were a better representation of the component materials than Model Al. The
variant models’ input parameters are shown in Table A (section 2: core-to-wrap diameter
ratios).

The first variant, Model B1, was designed with a new core diameter of 600 um (as
used in the Wright ef al. [14] study). All other parameters remained unchanged so that the
results would prove that a change in NPR was due to the reduced core diameter. To further
investigate the effect of changing diameter size, a second variant, B2 was designed. This

model had an increased diameter, proportional to the size difference in B1. This was done so
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that a trend in behaviour of the HAY's can be attributed to changing the diameter size of the

core, and to make explicit the effect it has on the auxetic effect.

Table A. Input parameters for models used in: (1) sensitivity test, (2) to determine the effect
of varied core-to-wrap diameter ratios, and (3) critical angle test.

- Wrap’ Core’ Wrap Core Wrap Core Wrap
3 Young’s Young’s Poi s . s . .
S oisson’s Poisson’s Diameter | Diameter | Angle
= modulus modulus ratio ratio (um) (um) ©)
(GPa) (GPa)
Al
- .
3 (Oibal & 143 1.6 0.3 0.3 200 700 10
R awan
N )
$¥ [ 03
S A2 (base 143 1.6 0.3 0.4 200 700 10
model)
. Bl 143 1.6 03 0.4 200 600 10
g
S B2 143 1.6 03 0.4 200 800 10
3
- Cl 143 1.6 03 0.4 1714 700 10
g 2 143 1.6 03 0.4 2286 700 10
. DI 143 1.6 0.3 0.4 200 700 9
e} D2 143 1.6 0.3 0.4 200 700 8
S
3 D3 143 1.6 0.3 04 200 700 7
S
o D4 143 1.6 03 0.4 200 700 6

The third variant, C1, was designed with a reduction in wrap diameter. It was decided
that the proportion the wrap was reduced should also be equivalent to the percentage

reduction in the core of B1. This was calculated using the following equations.

New diameter

% Reduction in core = (1 - ) X 100% (Eq. 1)

Original Diameter

% Reduction in core = (1 - %) X 100% = 14.3%

The new diameter of wrap can then be calculated by using the original wrap diameter in place

of original core diameter, and rearranging.



New diameter of wrap = Original Diameter X (1 — % Reduction) (Eq.2)
New diameter of wrap = 200 X (1 — 0.143) = 171.4 um
Variants C1 and C2 were included to further clarify results, and to see which

component diameter size has a greater influence on the behaviour of the HAY. By using the
same percentage reduction for the core diameter of B1 and wrap diameter of Model C1 the
influence each component had on maximum NPR can be distinguished. As before, all other
input parameters were unchanged. Similarly, a final variant, C2 was designed with an
increased wrap diameter. As with models B1 and B2, the increase in wrap size was

proportional to the reduction.

2.3 Wrap Angle

To determine the exact angle, the wrap should make with the axis of the core, models
of varying wrap angle size were designed. Like before, Model A2 was used as the base
design for the input parameters. Each model in this test was designed with a wrap angle 1°
lower than the previous design, starting at 10°. It was expected that eventually a ‘critical’
angle would be reached; meaning that the maximum NPR value that was achieved cannot be
surpassed by lowering the starting angle by another degree. Due to the gradual straightening
of the wrapunder strain, it would be expected that lowering the angle past the critical angle
would cause the maximum NPR to start to decrease. For this reason, the critical angle can be
considered the desired wrap angle for optimal performance. The Table A (section 3: critical
angle test) shows material properties and parameters of the wrap and core components of
HAY for each model. Again, each model designed consisted of the same material properties

and design parameters; so, that the results of this test could be verified.

3. Analytical Analysis



The initial geometrical parameters of each design of HAY were determined using
simple trigonometry. Figure 1 shows the arrangement of wrap and core components for each
cycle of HAY form a right-angled triangle, where the length of hypotenuse is equal to the
length of the wrap if the wrap was unravelled and laid out straight. The initial length of the
core, L.q — and therefore the length one cycle of HAY — can be found by calculating the
length of the bottom leg of the triangle. The known input parameters: core diameter, d.o,
wrap diameter, d,,o, and wrap angle, 8 can be inserted into the following equations to

calculate core and wrap lengths, respectively [14].

_ n(dco+dwo)

LCO - tand (Eq 3)
_ m(dcotdwo)

Lyg = 20t uo) (Eq. 4)

To calculate the total initial length of the yarn, L, can just be multiplied by the
number of cycles in the yarn. In each instance, the design used 10 cycles, so the total length
of the yarn can be found by increasing the core length value by one order of magnitude. In
this work, the focus was on the HAY s elastic properties, and engineering strain was used.
Since strain is the ratio of change in length over initial length, the following equation can be
formed and used to calculate the length of core and wrap at a given strain [13]:

L=Ly+¢.lLg (Eq.5)
where €4 is the level of axial tensile strain. This is also the type of strain that induces auxetic
behaviour in the yarn. Once this had been computed, the changing diameters of both core and
wrap can be determined. The Poisson’s ratio, vy,, is defined as the negative ratio of lateral

contractile strain, €, to longitudinal strain, €, [21]. This can be applied to each component

materials’ respective Poisson’s ratios and geometrical parameters. Thus, the diameters of the

wrap and core under a given longitudinal strain can be found using the following equation:

Uxy = —2 (Eq 6)

€x



where €, is the change in diameter divided by the initial diameter of the component. In

accordance with the geometrical configuration of the HAY — which consists of elastic core
with a smaller diameter fibre wrapped in a helical manner around it — the Poisson’s ratio of
the HAY can be calculated from first principles. This was under the assumption that friction
between the yarn’s components could be ignored, and that they were always in perpetual
radial contact. It was considered that a repeating cycle of HAY must have a total diameter, d,,
which could be defined as a “virtual cylinder” that exactly contained the wrap and core, under
a given level of tensile strain.

The initial total diameter, d;, can be determined by computing the total diameter that
would enclose the cross-section of the yarn under zero strain. Since the wrap makes half a
revolution of the core in one cycle of HAY, this means it is present at both the top and bottom
of the core’s cross-sectional area. This means that the initial total diameter is given by:

dio =d. + 2dy, (Eq.7)

Using equation 6, the Poisson’s ratio of the yarn, vy, can be computed by using d; and the

initial total diameter, d., to find €. The yarn Poisson’s ratio is the most important value to

the study, as it indicates the auxetic effect taking place.

Lwo
m(deo + dwo)

LcD

Figure 1. Right-angled triangle formed if the wrap was unravelled from the core (adapted from ref. [14]).
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4. Finite Element Analysis

HAY’s computational design in this study were modelled using SOLIDWORKS® 3D
CAD software. The helical arrangement of the wrap component around the core was simply
modelled using the ‘helix’ feature and by extruding the base of a concentric 2D core with a
centre point aligned with the centre of the helix. The model is illustrated in Fig. 2(a). Since
all the models consisted of the same two components wound together in a helical manner, the
design parameters can be easily edited using a configuration Table A, so that several models
were produced. The configuration software did not allow for the wrap-angle to be a
predetermined input parameter into the configuration table, so the angle had to be calculated
using equation 4. The models were then individually imported into ANSYS® Workbench for
analysis. This was modelled using only half the geometry with symmetry constraints due to
the symmetrical nature of the design; although since ANSYS®’s parametric optimisation
features were employed it was easier to just use the full model. As previously mentioned, the
HAY designs modelled each consisted of ten cycles, to increase the accuracy of the results
[14].

Once a model was generated in SOLIDWORKS® and imported into AN SYS®
Workbench, the respective material and its properties was then assigned to the wrap and core
components: The AN SYS® simulation did not provide the component materials of the HAY
in their database, so “Carbon Fibre” and ‘“Nylon 66” were added as new materials. As
mentioned above, the component material properties that affect the performance of a HAY
are Young’s modulus and Poisson’s ratio. These were the parameters put into the Engineering
Data part of the ANSYS® when adding new materials to the project. Conveniently, there is an
option that allows for the linear isotropic elasticity of a newly added material to be derived
solely from these two input values. This allowed for an accurate representation of the HAY

components’ material behaviour. These properties can be changed to allow for the sensitivity
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test to be carried out, so that Nylon 66 can have a Poisson’s ratio of 0.3 for Model A, and 0.4
for Model B (Table A). Previous work on elastic-plastic modelling yielded inaccurate and
unreliable results, caused by plastic deformation [19]. Essentially, the HAY must be able to
recover from deformation to maintain its performance characteristics. For this reason, the

study focussed solely on the effects of NPR within the elastic region of the HAY.

(a)

Core, deo

Wrap, dwo

0000 L500 S.D‘IIO {mm)

0.750 2250

Figure 2. (a) Two cycle model of HAY created in SOLIDWORKS® 3D CAD software, and (b) HAY connections

showing the contact region between the wrap and core, highlighted in blue and red, respectively.

To accurately portray the motion between wrap and core components, a contact
region was applied (i.e. the model does not consider contact friction between the core and the
wrap). As shown in Fig. 2(b), the inner surface area of wrap, and outer surface area of the
wrap were selected as the connected areas, so that the components would act as a single body
during simulation. Had this connection not been applied, the wrap and core would have
separated from each other as soon as a load was applied. Initially, the mesh sizing applied to

12



each individual component of HAY was to be finalised by conducting a convergence test, to
determine the coarsest mesh that could be applied to the HAY that gave the same level of
accuracy in results. In FE modelling, a finer mesh typically results in a more accurate
solution. However, as a mesh is made finer, the computation time increases. Solution
iterations were carried out until convergence was achieved. The mesh was converged down to
0.1 mm for the core and 0.05 mm for the wrap.

Tetrahedral elements were used (are robust for large deformations, and as any 3D
volume, regardless of shape or topology, can be meshed with tetrahedral) for the wrap for
mesh refinement to be applied. Quadrilateral elements were used for the core mesh, as
quadrilateral might have a slight edge in terms of accuracy for the primary variable
(displacements). Face sizing was applied to the largest surface areas of the wrap and core, as
shown in Fig. 3(a). The element sizing was 0.05 mm and 0.1 mm for wrap and core
respectively. Originally, a refinement of 2 was assigned to the inner face of the wrap (where
it is in contact with the core), as can be seen in Fig. 3(b). This arrangement is demonstrated
in Fig. 3(c). There were various ways in which the boundary conditions and loading could be
applied to simulate a tensile test. A force or pressure could have been applied to the end faces
of the wrap and core, however this method was not used due to the assumption that the cross-
sectional area is constant — which is untrue [10]. The method used by Shen [19] employed a
displacement at either end of the HAY, and simulated a pulling motion from both sides. This
method was adopted and modified so that the HAY was instead fixed at one end by using a
fixed support; and was stretched at the other by applying a displacement. As the displacement
was going from left to right, the value applied was negative and in the Z-direction. The
displacements in the X and Y directions were set as “free” to allow the auxetic behaviour to
take place. The resultant deformation is illustrated in Fig. 3(d). The deformation velocity was

Imm/cycle of HAY per second.

13



0.000 1000 :.n‘lﬂlmm)

2501 Lo

o 0.500 LOCC {rare)
1

(5] 0150

(c)

0000 0.500 O g
1

0230 0750

B

0.000 3000 6000 (mm)
]

L300 4500

Figure 3. (a) Final mesh sizing of largest surface areas of HAY components, (b) invalid model with refined
mesh on contact region of wrap, (c) cross-sectional area of mapped face meshing applied to model, and (d) fully

deformed HAY after tensile test had been simulated.

Utilising the deformation probe ANSYS® provides, the maximum deformation of the

core in the Y-direction can be measured by selecting the top face of the core. As the HAY is

14



symmetrical, this value was just doubled to give the distance from peak to trough. Once the
total diameter was calculated for the given rate of strain, equation 7 was used to calculate the
Poisson’s ratio of the HAY, as both the longitudinal strain, €, and lateral strain, €, can be

> Ty

calculated.

S. Results
5.1 Validation of Negative Poisson’s Ratio
As can be seen in Fig. 4, the same kind of typical response was being induced by each

model for a total deformation of 10 mm. This response was explained by the general pattern
of each curve. When strain was first applied, it caused the wrap to tighten itself around the
peripheral of the core — resulting in the total diameter shrinking below its initial size. This is
shown by the sudden spike at the beginning of the graph, where the Poisson’s ratio of the
HAY shot up, then rapidly decreased due to the wrap starting to twist the core. The slope of
each curve as it passes through the positive x-axis to negative represents how quickly the
HAY became auxetic, and the minimum at the bottom of each curve represents the maximum
NPR value of that HAY. Models with different wrap angles had different lengths, and so the
rate of strain for the same change in length was not the same. Therefore, the curves on the
graph do not stop at the same point. Table B summarise the maximum NPR value of each
model during finite element simulation and the rate of strain at which it was achieved. The
largest NPR value of any of the models was -12.04 (i.e. Model D3). The earliest rate of strain
that the maximum NPR value was reached was at 1.65% (i.e. Model D4). The significance of

these results and relevance to the study are discussed in detail in the following sections.
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—&— Model A2
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0.00 : 300 S A 5. 7.00
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-10.00

-15.00

Longitudinal Strain (%)

Figure 4. Graph of longitudinal strain vs. Poisson’s ratio of HAY for all finite element computational models

tested using ANSYS® Workbench [figures appear in colour in the online version].

Table B. ANSYS® Workbench finite element simulationresults for each model tested, which
shows the maximum NPR achieved and the percentage of longitudinal strain.

Model | Angle (°) | Max NPR | Strain rate at max NPR (%)
Al 10 -5.75 6.24
A2 10 -5.04 6.24
Bl 10 -4.54 5.61
B2 10 -5.50 7.02
Cl1 10 -5.80 6.44
C2 10 -4.41 6.04
D1 9 -7.55 4.98
D2 8 -8.77 3.87
D3 7 -12.04 3.38
D4 6 -10.22 1.65

The results of Model A1l provided good validation of the simulation results. This
study’s maximum NPR of -5.75 for Model A1 was close to Sibal and Rawan’s [13]
maximum NPR of -5.7, demonstrating that the FEA results were successful. This means that
the percentage difference between simulation results and theoretical results for Model A is
less than 1%. Wright et al. [14] tested the same design in a practical experiment and
measured a maximum NPR of -5.8, which further verifies the simulation results. As the same

testing method used for Model Al was used for every model, the data and results obtained
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from the simulations should be considered valid. It is possible that the mesh of the model on
ANSYS® cannot be refined much to a point. This can explain the difference in simulation
results from the theoretical [13] and experimental [14] results of previous studies. However,
the results obtained are for demonstrating the different auxetic behaviours of different HAY
designs; so, these slight inaccuracies are not detrimental to the goals this study set out to
achieve. Wright et al. [14] found that the results acquired when using a medium density mesh

for a HAY were within 1% accuracy of the high-density mesh results.

5.2 Sensitivity Test of Core Poisson’s Ratio

The results of Model Al and Model A2 were used for the sensitivity test. As
mentioned earlier, the Model A1 was the same design used in the Sibal and Rawan study
[13], with an assumed core Poisson’s ratio of 0.3. The Model A2 (base model in this
investigation) was a modified version of Model A1, but with a core Poisson’s ratio of 0.4. As
mentioned, this is a more authentic value for this material, sourced from a DuPont data sheet
[20]. It was expected that by altering the Poisson’s ratio of the core component, the HAY
would respond to the axial tensile load differently and therefore give results that can be
considered more reliable. The difference in results are shown in Fig. S(a). The Model A2, as
expected, yielded a different set of results to Model Al. However, despite the difference in
maximum NPR values caused by increasing the core Poisson’s ratio, the general behaviour of
the HAYY was relatively unchanged. It can be seen from the graph that the Poisson’s ratio
peaks at roughly the same percentage of strain (0.9%); becomes auxetic at roughly the same
percentage of strain (3.25%), and becomes most auxetic at the same percentage of strain
(6.24%). This shows that making the core less compressible — by increasing its Poisson’s

ratio to 0.4 — does not greatly affect the behaviour of the HAY.
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Figure 5. Graph of HAY Poisson’s ratio vs. longitudinal strain (finite element computational models using

ANSYS® Workbench): (a) for Model Al and Model A2, showing the point at which both designs’ maximum NPR

values were achieved, (b) for Model Al, Bl and B2, (c) for Model A2, C1 and C2, (d) for Model A2 and D1, and

(e) for models used in critical angle test [figures appear in colour in the online version].

The lower compressibility of Model A2’s core explains the differences in results

when compared to Model Al. For both models, the sharp spike at the beginning represents

the tightening of the wrap around the core, causing the total diameter to drastically reduce —
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therefore resulting in a large positive Poisson’s ratio value. The higher peak value for Model
Al is due to the core being more easily compressed by the wrap, causing a reduction in its
total diameter. Because of Model A2’s larger core Poisson’s ratio, its total diameter cannot be
reduced by the same amount as Model Al. After the peak, the slope of Model A2’s HAY
Poisson’s ratio declined more gradually and slower than the slope of model A1. This trend
indicates that a HAY with a more compressible core will react quicker to the same tensile

load.

5.3 Effect of Component Diameter Sizes
Another aim of the study was to investigate the effect of changing the size of

component diameters on NPR. This was carried out by testing variants of Model A2 with
core and wrap diameters both larger and smaller. Focusing on the variants, B1 and B2, the
response of each design can be seen in Fig. S(b). Included on the graph is the base model,
A2’s response, so that differences caused by changing the size of the core’s diameter can be
interpreted. It was observed that Model B1 was more greatly affected by the wrap’s initial
tightening around the core, which was construed by the largest spike in the graph after the
initial strain was applied. Conversely, Model B2’s core was least susceptible to compression
by the wrap and this was portrayed by the shortest spike in the graph once deformation had
begun. When depicted graphically alongside Model A2’s response, a pattern in the responses
can be seen. This pattern indicated that by increasing the thickness of the core, the initial
proportion of total diameter reduced by the tightening of the wrap is lessened. It was more
difficult to recognise a pattern in Fig. 5(c), which shows the responses of variants, C1 and C2
beside Model A2. No clear trend was observed after the initial strain was applied, which can

be due to the small effect on total diameter that marginally changing the wrap thickness had.
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Compared to changing the core diameter by 14.3%; changing the wrap diameter by the same
proportion causes very little of the total diameter to increase or decrease at all.

It was found that Model B2 achieved a higher maximum NPR than the base model
(Model A2); and Model B1 achieved a lower maximum NPR, as shown in Fig. 5(b). The
variants’ relative increase and decrease in maximum NPR were around the same proportion
in difference (-4.54 and -5.50) to Model A2’s maximum of -5.04. This was a good indication
that the results were coherent. It was found that increasing the ratio of core diameter
thickness to wrap diameter thickness caused the HAY become more auxetic at around the
same rate of strain. It also made clear that an increase in core diameter thickness caused the
activation of auxetic behaviour to happen at a later rate of strain. This was shown by the
pattern of the three curves crossing through the x-axis at different rates of strain in Fig. S(b).
Similarly, the maximum NPR was reached at a later stage when the core thickness was
increased. This means that the larger core takes longer to become its most auxetic. It can be
expected then that changing the wrap diameter thickness also would influence the point at
which the HAY became auxetic. ' This was shown to be true. This was observed in Fig. 5(c),
where the same patternis displayed by the models. Unlike the core thickness, which made the
HAY more auxetic when increased, increasing the wrap thickness was seen to result in a

lower NPR value.

5.4 Effect of Wrap Angle
The critical angle test was devised to determine the optimal angle which the wrap
should initially subtend the axis of the core for the HAY to achieve the highest NPR. The
results were obtained by comparing the responses of identical models with different wrap
angle sizes to each other. It was found that the wrap angle that gave the largest value of

maximum NPR was 7°, making it the critical angle for a HAY. This was confirmed by the
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subsequent 6° model stopping the trend of a lower wrap angle equalling a higher maximum
NPR - which was true of all angles above this value. This trend had been observed in
previous studies [12-13, 15] which found that a lower starting wrap angle gave a higher NPR.
This means that when designing a HAY for practical applications that wishes to exploit the
maximum auxetic effect in the yarn, a starting wrap angle of 7° should be used.

It can be seen from the values in Table B, that changing the wrap angle by 1° had a
substantial effect on the maximum NPR achieved by the HAY. When compared to other
parameters discussed in this study, the starting wrap angle was the most influential design
parameter in altering the auxetic effect exhibited by a HAY. Figure 5(d) shows the general
change in behaviour when lowering the wrap angle, by comparing Model A2 and Model D1 —
with starting wrap angles of 10° and 9°, respectively. It shows that reducing the wrap angle
will tend to cause a greater reduction in total diameter when the wrap tightens around the
core, shown by the higher peak of positive Poisson’s ratio in Model D1. It also demonstrates
the typical behaviour of a lower wrap angle causing the HAY to become auxetic at an earlier
rate of strain, as Model D1 becomes negative at around 2.5% strain; compared to around
3.25% strain for Model‘A2. Furthermore, a lower wrap angle of a HAY can be seen in Fig.
5(a) to cause the maximum NPR to be achieved at an earlier rate of strain, whilst also giving
a higher maximum value at the same time.

Changing the wrap angle has a radical effect on the overall auxetic behaviour of a
HAY . This can be discerned when examining the completely different curves of the graph in
Fig. 5(b). The graph shows the behaviours of HAYs with wrap angles proceeding from 9°
down to 6°. This continues to show that by lowering the starting wrap angle, the total
diameter is reduced by the greatest proportion — and at an earlier rate. This then results in a
steeper slope for HAY's with a lower wrap angle, which in turn causes the auxetic effect to be

achieved faster. This is true even beyond the critical angle, where the auxetic effect in Model
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D4 is activated at around 1% strain, and Model D3 — the design with the critical angle —
becomes auxetic at around 1.2% strain. However, as can be seen in Fig. 5(e), Model D4 does
not achieve a higher maximum NPR than Model D3; which it would have been expected to,
given the trend of previous results. Therefore, the critical angle was determined to be 7°.
Another behaviour characteristic of the models observed was the rate at which the
auxetic effect reduced after the peak, shown in Fig. 5(e) by the decreasing NPR values that
follow the maximum NPR value. All models can be seen to reduce in auxeticity after the
maximum NPR is reached. This is shown graphically as a minimum turning point — the
minimum representing the point which the maximum NPR occurred. The graph shows a more
gradual reduction in auxetic behaviour exhibited by higher wrap angles; and conversely a
much higher, faster rate of reduction of auxetic behaviour in HAY's with lower wrap angles.
This rate of change is so significant, that it caused Model D3 — with the highest NPR value —
to quickly become less auxetic than its predecessor, Model D2, at just 4% strain. This
accelerated rate of reduction of auxetic behaviour means selecting the optimum design angle
would depend on the specifications of the practical application that HAY would be needed

for, and the operating conditions the HAY would be under.

6. Discussion
6.1 Sensitivity Analysis of Core Poisson’s Ratio
The sensitivity test, whilst not vital to the aims of the study, provided a good means of
obtaining more realistic results from the simulations. Had the model used by Sibal and
Rawan [13] been used as the base model for all subsequent designs generated in this study,
the behaviour and responses of the HAY's would not have been expected to vary by a great
deal. This is evident from the similarity in results between Model A1 and Model A2. What it

means for this study however, is that the results of the tests that followed the sensitivity test
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can be seen as more accurate; simply due to the fact that the core’s Poisson’s ratio value was
taken from a data sheet [20]. It is important to stress that using the assumed values for
component Poisson’s ratios do not jeopardise the legitimacy of results from Sibal and
Rawan’s study [13], but rather proves the results of this study to be more realistic. Their
study found that its results were close to the experimental results of the Wright ez al. [14]
study, but not the same. There is a possibility that this difference in results can be attributed
to the incorrect assumption made, since the results for the same model tested in this study
falls in between both studies’ maximum value for NPR. When possible, the correct material
property values should always be used.

The results of the sensitivity test did, however, highlight the effect Poisson’s ratio
plays in the auxetic response of a HAY. It can be seen from the graph that both HAY's
crossover from positive to negative Poisson’s ratio at the same rate of strain, but the steeper
slope of Model A1 causes it to achieve a greater maximum NPR at 6.24% longitudinal strain.
This suggests that a HAY with a more compressible core will become more auxetic, however
it is difficult to make this claim based on only two sets of results. If this suggestion is true, a
designer may find it useful to consider the compressibility of the core when selecting
materials for an application. Based on the findings of the sensitivity test though, it is not
thought to be aparticularly defining factor for maximising the auxetic effect. For high
velocity impact application, the shear modulus of the material (defined in equation 9) would
be the desired property of the core to maximise; and so, a lower Poisson’s ratio and higher

tensile modulus should be aimed for in the selection of material [22].

6.2 Effect of Component Diameter Sizes
The main findings of this part of the study clarified uncertainties created by

previously conflicting results. Until recently [e.g. 23], it was unclear whether increasing or
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decreasing the core/wrap diameter ratio would result in a higher maximum NPR. However,
the current results agree with Sibal and Rawan’s [13] claim that a nano-sized wrap would
cause the HAY to exhibit a considerably larger NPR. These findings mean that when the
core/wrap diameter ratio is increased, the maximum NPR will increase and amplify the
auxetic effect exhibited by the HAY. Therefore, for future designs of HAYs, selecting a wrap
with a large diameter should be avoided, as it has been recently demonstrated by Zhang et al.
[23] that a larger core/wrap diameter ratio will offer a better and earlier auxetic performance
of the sample.

Though Sibal and Rawan’s findings [13] were based on theoretical results, this study
backs up their claim and suggests that use of carbon nanotubes (CNTs) can maximise the
auxetic effect in HAYs. Since the wrap was the greater influence on the HAY s auxetic
response, it would be more sensible to focus on the material options and geometrical
parameters of the wrap when designing a HAY. An investigation into CNTs was attempted
during this study due to the exceptional mechanical qualities they possess. The tensile moduli
of CNTs exceed 1 TPa — around ten times stronger than that of the carbon fibre material used
in this study [24]. The advantage that using an even stronger wrap would give was clearly
shown in the results. Changing the wrap diameter size had a greater influence on NPR,
compared to changing the core diameter. As CNT yarns can be processed in several different
ways — including spinning methods like HAY's — this indicates that manufacturing would not
create-additional practical constraints for a designer [25]. Decreasing the wrap thickness by
14.3% resulted in a maximum NPR of -5.8 (Fig. 5(b)); whereas a maximum NPR of -5.5 was
achieved when the core thickness was increased by the same percentage. This means the
wrap is the more useful component in manipulating the level of auxeticity in a HAY. This
should be the biggest consideration when designing HAY's to maximise the auxetic effect,

based on component geometrical parameters.

24



6.3 Wrap Angle Analysis

The results obtained from this test give an insight into which angle may be preferred
to suit an application. If the application required a longer onset of auxetic behaviour, then
raising the starting wrap angle of the HAY would be the best design option. As this would be
at the expense of the maximum auxetic effect that could be reached by the HAY , it would be
up to the designer to decide how much of each feature could be selected which incorporated
the benefits of both attributes of the HAY into the design.

If the application of the HAY needed a greater expansion of the overall fabric, it can
be put constantly under the rate of axial tensile strain that caused the maximum NPR to be
achieved. This would result in the maximum auxeticity being maintained always. The need
for this sort of application is unlikely though, as most applications of the HAY seek to exploit
its changing nature — converting from a conventional material to an auxetic material with

increasing axial tensile strain.

6.4 Future Directions: Design Parameters and Properties of HAYs

This paper presents a study of HAY's properties in terms of effect of various selected
design parameters but does not consider any contact friction between the wrap and core. For
any potential practical applications (e.g. resisting high velocity impact), the design would
require the highest possible NPR to absorb a projectile’s impact and dissipate its energy
through the blanket’s pores (created by the expansion of micro-sized HAYs). The early
activation of the auxetic effect and high NPR inducing greater energy absorption would fit
the criteria of the requirements of the blanket, especially when inter-yarn contact friction and
shear are considered in design and analysis leading to industrial manufacturing. Very recently

Bhattacharya et al. [26] experimentally investigated the effect of the interaction between the
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core and the wrap fibre on the auxetic behaviour of the HAY, including the effect of their
relative moduli. It was revealed that an elevated difference in component moduli causes the
wrap fibre embedding itself into the core fibre, thus decreasing the auxetic effect. Zhang et al.
[23] studied 3-component auxetic yarn based on a stiff wrap fibre (the first component)
helically wound around an elastomeric core fibre (the second component) coated by a sheath
(the third component). It was suggested that the resultant structure can overcome problems
such as slippage of the wrap and changes in wrapping angles previously encountered during
the manufacture and utilisation of the two-component HAY. Zhang et al. [23] also showed
that depending on the coating thickness of the third component, the 3<component auxetic
system can demonstrate auxetic behaviour, and the coating thickness can be employed as a
new design parameter to tailor both the Poisson's ratio and modulus of composite
reinforcement for various applications. As mentioned earlier, the optimal design of HAYs
would require the highest possible NPR to absorb a projectile’s impact and dissipate its
energy through the blanket’s pores<(e.g. conceptual layout in Fig. 6). This is possible, as the
recent results by Zhang et al. [27] showed that a larger difference in component moduli, a
higher core/wrap diameter ratio and a lower initial wrap angle can produce a larger maximum
NPR value and thereby a better auxetic performance for HAYs.

Current work and above recent experimental propositions (e.g. [23, 26-27]) has
considerable potential to improve HAY's properties and therefore provides a means of
evaluating the auxetic quality with potential applications in resisting high velocity impact.
Future work should consider further theoretical analysis and experimental verification [e.g.
28-29] and developing a composite wrap and core (where each fibre can be coated with thin
graphene layers) for improved NPR properties, especially when single-layer graphene show

some negative Poisson’s ratio on its own [30].
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Figure 6. Unused conceptual model of high velocity impacts resistant blanket created in SOLIDWORKS® 3D

CAD software;

7. Conclusion
Several designs of HAY's were generated so that their auxetic performance

characteristics can be identified: The designs were tensile tested through finite element
simulations to determine their maximum NPR and the rate of strain at which it was achieved.
A maximum NPR of-12.04 was achieved by lowering the wrap starting angle. The findings
show that a‘starting wrap angle of 7° will produce the highest NPR. This should be the design
angle for optimised performance of the yarn. Additionally, the study proves that reducing the
wrap diameter of a HAY, and hence increasing the core/wrap thickness ratio, causes it to
become more auxetic, by achieving a higher NPR. Exploring the possibilities further,
experiments using HAY's with CNT wraps can lead to a new understanding of how HAY's
should be designed, with the probability that they will result in the highest NPRs ever

exhibited, due to their exceptionally high tensile strength, and nano-sized diameter.
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Table Captions

Table A. Input parameters for models used in: (1) sensitivity test, (2) to determine the effect
of varied core-to-wrap diameter ratios, and (3) critical angle test.

Table B. Finite element results for each model tested, which shows the maximum NPR

achieved and the percentage of longitudinal strain.

Figure Captions

Figure 1. Right-angled triangle formed if the wrap was unravelled from the core (adapted
from ref. [14]).

Figure 2. (a) Two cycle model of HAY created in SOLIDWORKS® 3D CAD software, and
(b) HAY connections showing the contact region between the wrap and core, highlighted in
blue and red, respectively.

Figure 3. (a) Final mesh sizing of largest surface areas of HAY components, (b) invalid
model with refined mesh on contact region of wrap, (c) cross-sectional area of mapped face

meshing applied to model, and (d) fully deformed HAY after tensile test had been simulated.
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Figure 4. Graph of longitudinal strain vs. Poisson’s ratio of HAY for all finite element
computational models tested using ANSYS® Workbench [figures appear in colour in

the online version].

Figure 5. Graph of HAY Poisson’s ratio vs. longitudinal strain (finite element computational
models using ANSYS® Workbench): (a) for Model Al and Model A2, showing the point at
which both designs’ maximum NPR values were achieved, (b) for Model A1, Bl-and B2, (c)
for Model A2, C1 and C2, (d) for Model A2 and D1, and (e) for models used in critical angle
test [figures appear in colour in the online version].

Figure 6. Unused conceptual model of high velocity impacts resistant blanket created in

SOLIDWORKS® 3D CAD software.

Appendix-1: Example of NPR Calculation
In the following section, the process used to calculate the NPR at 6.24% strain for Model A2

(base model, Table A) has been outlined.

Calculation of Unknown Geometrical Parameters:
The first step in the process is to calculate the various geometric parameters and create the

model. Model A2 has the following geometric input parameters:

d.o =700um
dyo = 200um
6 =10°

Therefore, the length of one cycle of core can be determined by inserting the known
parameters into the equation:

— 77:(dco + dwo)

co tanf
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_ m(700 + 200)
€0 = tanl0

L.o =16.03517mm
The total length of the HAY was calculated by multiplying L.y by the number of cycles, n:
Lyay = Lo X1
Lyay = 16.03517 x 10
Lyay = 160.3517mm
Similarly, the length of one cycle of wrap can be determined by inserting the known

parameters into the equation:

— 77:(dco + dwo)

wo sin@

_ 7(700 4 200)
wo = sin10

Lo =16.2825mm

The total length of the wrap was calculated by multiplying L, by the number of cycles, n:

Lwrap = LWO Xn
Lyrap = 16.2825 x 10
Lyrap = 162.825mm

The total extension — or change in length, AL — at this point was 10 mm, and so the

longitudinal strain, €, can be calculated by rearranging the equation:

AL
&y = L_O
10

& = 1603517

e, = 0.062363

£, = 6.24%

The initial total diameter, d,, was calculated using equation:
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dyo = d. +2d,,
do = 700 + 2(200)

dio = 1100pm

Calculation of NPR Using Simulation Data:
Once the analytical calculations had been carried out and the geometrical parameters of the
model was known, the simulation can be carried out. The total diameter at 6.24 % strain, d,
was found by applying a deformation probe to the maximum deformation in the Y-direction.
The value given by ANSYS® Workbench was doubled, due to symmetry, to give the final
value for d;:

de = 722725 X 2

d; = 1445.45pm
The lateral contractile strain of the HAY, €,, was computed by taking the ratio of the change

in total diameter, d; over initial total diameter, dq:

_d—dy

&
Y
deo

144545 —1100
v 1100

€

g, = 0.31405
Finally, the Poisson’s ratio of the HAY, v,,, can be calculated using the equation:

v =

_0.31405
Vxy = 70.062363

Vyy = —5.03584

Therefore, the NPR of Model A2 at 6.24% axial tensile strain was -5.04.
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