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Abstract  

Functional auxetic composite materials can be fabricated from conventional or from auxetic 

components. The helical auxetic yarn (HAY) is a very recently invented auxetic reinforcing 

component for composite materials. This paper investigates the Poisson’s ratio behaviour of a 

further development of the HAY, needed for many practical applications. The 3-component 

auxetic yarn is 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). 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. The mechanical performance of conventional and novel systems is 

investigated; with emphasis on the differences between the engineering and true Poisson’s 

ratio. The importance of the utilisation of a true tensile modulus and a true Poisson’s ratio is 

demonstrated. This is the first time reported in the literature that an experimental auxetic 

effect analysis of HAYs was carried out by comparing true and engineering Poisson’s ratio. 

We show 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 this 

novel composite reinforcement for a wide range of applications. 
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1. Introduction  

The Poisson’s ratio (νxy) is defined as the negative ratio of the transverse strain (εy) to the 

longitudinal strain (εx) in the elastic loading direction. The possibilities of varying this 

property to improve mechanical performance have been recognised relatively recently [1]. 

Many of the most interesting benefits are obtained when the Poisson’s ratio is negative. 

Materials with a negative Poisson’s ratio are called auxetic materials [2] and exhibit the very 

unusual property of becoming thicker when stretched and thinner when compressed. Since 

1987 a range of auxetic materials have been discovered and fabricated from the macroscopic 

to the molecular levels. [2-13].  Auxetic materials are of interest due to their counter-intuitive 

behaviour under deformation mechanisms and enhanced properties as a result of having a 

negative ν [14]. 

 

One area attracting increasing attention is the development of auxetic fibres [15-19]. These 

can be constructed either as single filament, intrinsically auxetic fibres [15-17] or by 

constructing an auxetic yarn from conventional fibres [20-28]. Auxetic fibres can be woven 

into technical textiles and utilised for sporting, medical and defence applications [25, 29].  

 

A novel auxetic structure for composites is the helical auxetic yarn (HAY) which comprises 

of two fibres: an elastomeric core and a stiff wrap fibre in the form of a helically wound 

structure [21]. When a tensile load is applied the elastomeric core becomes thicker as the stiff 

wrap straightens out, resulting a lateral expansion of the core fibre, and thereby the HAY 

exhibiting auxetic behaviour with a large negative Poisson’s ratio. This novel auxetic 

mechanism has been examined in many applications in composites [23, 26] and textiles, such 

as body armour, sutures, optical sensor [21], blast mitigation, filtration [20], and healthcare 

[22]. Practical issues that can impair HAY performance include poor conformance between 
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the core and the wrap fibres and maintaining a consistent wrap angle both during manufacture 

and in use [23, 25-27]. In addition the yarn may be difficult to handle during textile 

production because the surface is uneven, resulting in uneven fabrics and slippage of wrap 

fibre or bunching.  

 

In this paper we propose a novel 3-component auxetic yarn which may offer a solution to 

these issues. Here we explore the behaviour of a 3-component structure comprising an 

elastomeric core wrapped by a helix enclosed by a sheath, and demonstrate the properties of 

this structure at a macroscale, see Fig. 1. It is expected that the sheath should help bind the 

two components together as well as act as a protective coating. The sheath can also be 

utilised to tailor the overall properties of the yarn. The aim of this work was to establish 

whether a 3-component auxetic yarn will overcome previous problems in manufacturing 

HAY and will whether maintain its auxetic behaviour when a coating is applied.  

2. Methods  

Silicone rubber gel (VTV750) and catalyst (CAT 740/750) purchased from Renishaw plc was 

used (10:1 ratio by weight) to prepare the core fibre. The mixed silicone gel was degased for 

15 min. Finally, pour the mixed material into a mould frame and allow 24 hour for curing at 

room temperature. The wrap material used as supplied by Monofil Technik was a twisted 

ultra high molecular weight polyethylene (UHMWPE) multifilament fibre with high stiffness 

and strength.  

 

Helical auxetic yarns were carefully manufactured manually to ensure an accurate pre-

determined wrap pitch angle (λ) around the helical auxetic yarn. In this work, the initial wrap 

angle of all helical auxetic yarns was maintained at 40o as it is easier to manufacture in terms 

of sample scale. Nevertheless, it is well known that the HAY can be manufactured with a 
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range of wrap angles and a lower initial wrap angle provides a better auxetic performance 

[24-26]. The 3-component auxetic yarn was fabricated by coating the HAY with a sheath of 

silicone rubber gel within the same mould frame that has been employed to produce the 

silicone rubber core fibre. The mould frame was designed and built with three types of 

channels in diameters 9 mm, 14 mm and 18 mm for manufacturing required core fibres and 

yarns. The fabricated helical auxetic yarn samples and 3-component auxetic yarn samples are 

shown in Table 1. Two core fibres in diameters 9 mm and 14 mm were employed to fabricate 

the helical auxetic yarn and the 3-component auxetic yarn; and three different coating 

thicknesses in 4 mm, 5 mm and 9 mm were also applied in order to carry out a systematic 

study. It is expected that the core/wrap diameter ratio and coating thickness will influence the 

auxetic performance of the structure.  

 

Mechanical testing of all samples in Table 1 were carried out according to ASTM D3822-07 

– tensile properties of single textile fibres [30]. Tensile measurements were performed by a 

Lloyd instruments (www.lloyds-instruments.co.uk) EZ 20 mechanical testing machine using 

a 500 N load cell at a crosshead speed of 5mm min-1. The sample gauge length was set as 80 

mm for all samples and an additional gauge length for optical longitudinal strain 

measurements was marked onto the sample. Three repeat measurements were performed for 

each type of sample. A 4.9 MP digital camera (Edmund Optics EO-5012C USB) was used to 

capture images at regular strain intervals during the tensile test. Acquired images were 

employed to analyse longitudinal and transverse sample strain. Image analysis and strain 

measurements for these samples were carried out based on Sloan et al.'s previous work [25]. 

 

The cross sectional area of the core, wrap and yarns can be calculated using: 

�� �
���

�

�
                                                                                                                                   (1) 
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Instantaneous cross sectional areas and instantaneous longitudinal strains were obtained by 

acquired images of sample sections. A typical example of sample diameter and longitudinal 

strain measurements is presented in images (f) and (l) of Fig. 3. The change in cross sectional 

area of the wrap fibre is neglected for HAYs; the initial cross sectional area of the wrap fibre 

was employed with instantaneous cross sectional area of the core fibre for computing the 

instantaneous cross sectional area of HAYs. All the original stress and strain data were 

smoothed using a polynomial fitting method for removing experimental noise (R2 < 0.99), 

then the engineering and true tensile modulus were computed from the fittings.  

 

Engineering Poisson’s ratio for all samples was calculated using the measured engineering 

strains εy and εx. 

34� � /
5)

56
                                                                                                                                 (9) 

where νxy is the engineering Poisson’s ratio, εy is the engineering transverse strain, and εx is 

the engineering longitudinal strain.  

 

However, when a material is not linearly elastic the Poisson’s ratio may vary considerably 

with strain. Hence it is necessary to utilise the instantaneous true strains and determine a  

strain dependent Poisson’s ratio [31]. The instantaneous Poisson’s ratio was calculated by 

taking local tangents from true strain-true strain graphs. 
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where 34�
.�� is the instantaneous true Poisson’s ratio, ,�

.�� is the instantaneous true transverse 

strain, and ,4
.�� is the instantaneous true longitudinal strain.  
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Small amounts of noise in the dimension data can have a large effect on the Poisson’s ratio as 

well, hence the data should be smoothed to remove unwanted noise in the dimension data 

[31]. The polynomial fitting method was firstly chosen to smooth the dimension data, and the 

true Poisson’s ratio was computed from the fittings. In some cases, fitting several regressions 

to separate portions of the data set was carried out to avoid distorting localized effects. In 

addition, the order of fitting also has an effect on the results and this was also explored.     

 

3. Results and discussion 

In this work, eight different samples were tested, starting with the individual fibres used to 

fabricate the yarn (samples A, B and C), followed by the helical auxetic yarn (samples D and 

E) and finalising with the novel 3 component intrinsic auxetic yarn (samples F, G and H). If 

there is no change in cross-sectional area with strain, the engineering stress and engineering 

tensile modulus can be utilised. However, the true stress and true tensile modulus can be also 

obtained by determining instantaneous cross-sectional area and instantaneous longitudinal 

strain. Fig. 2 compares engineering and true stress as well as engineering and true tensile 

modulus as a function of engineering and true longitudinal strain for one convectional helical 

auxetic yarn (9 mm silicone core) and one 3-component auxetic yarn (9 mm silicone core and 

9mm silicone coating), respectively. Although the true stress and true tensile modulus of the 

samples were computed from the true instantaneous strain, they were plotted as a function of 

engineering longitudinal strain for convenient comparison purposes. The Young’s modulus of 

all samples was calculated using the small strain region (0.05-0.25% [32]) of the engineering 

stress-strain data, as shown in Table 1. The stress-strain and tensile modulus-strain curves for 

the other samples (E, F and H) are not shown here as they presented similar behaviour in Fig. 

2. As the cross-sectional area of the sample is diminishing, the true stress of samples D and G 

is increasing and becoming larger than their engineering values as shown in Fig. 2a and 2c. 
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The true tensile modulus of sample D deceased much slower than its engineering tensile 

modulus, and this was attributed to diminished cross-sectional area of the sample as well. It is 

interesting to note that both engineering and true tensile modulus of sample G had a sharp 

increase at a strain of 0.20 due to a strain hardening phenomenon. Overall, the true tensile 

modulus and engineering tensile modulus of samples D and G differed by approximate 50% 

at the end of the tensile test, respectively, see Fig. 2b and 2d. Therefore, it is important to use 

the true tensile modulus in practice as the engineering tensile modulus is not reliable and 

misleading due to significant strain dependence of component cross-sectional areas [24].  

 

Figure 3 presents images of samples under zero and large longitudinal strains. For pure 

silicone rubber fibre (Fig. 3a-d), when a tensile load is applied the fibre becomes thinner. 

Nevertheless, for a helical auxetic yarn and 3--component intrinsic auxetic yarn, when a 

tensile load is applied the elastomeric core becomes thicker as the wrap straightens out; 

causing a lateral expansion of the core, see Fig. 3e-n. It is also worth noting that the thickness 

of coating has a great effect on the auxetic performance as shown in Fig. 3i-n. According to 

the previous works [24, 25], the auxetic effect of a helical structure can be controlled by 

selecting specific fibre diameters, components moduli, the initial geometry and also the 

applied strain. In this work, components moduli and the initial geometry have been 

maintained and focused on the core/warp diameter ratio, the applied strain as well as a new 

parameter – coating thickness. 

 

Figure 4 show Poisson’s ratio analysis for 9 and 14mm silicone rubber core fibre, 

respectively (samples A and B). Fig. 4a shows three sets of length and width dimension data. 

All three samples are getting longer and thinner, and should thus have a positive Poisson’s 

ratio. Fig. 4b shows average width vs length of these three data sets with smoothed dimension 
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data from polynomial fit in order to filter out unwanted noise so that the true Poisson’s ratio 

can be calculated accurately. The same process has been used to calculate the true Poisson’s 

ratio of 14 mm core. The instantaneous true Poisson’s ratio has been plotted as a function of 

engineering longitudinal strain for convenient comparison purposes. Overall, the true 

Poisson’s ratio of 9 mm and 14 mm core is higher than that of engineering one, as shown in 

Fig. 4c-d. Both silicone fibres (9 and 14mm) had a typical Poisson’s ratio behaviour for an 

elastomeric material.   

 

Poisson’s ratio analysis for the helical auxetic yarn with 9 mm core is shown in Fig. 5 

(samples D and E). Fig. 5a shows three data sets of average width vs average length of three 

data sets. As it described in section 2, for this case it is necessary to consider fitting several 

regressions to separate portions of the data set to avoid smothering localized effects, as 

shown in Fig. 5b-d; then smoothed data were used to calculate the instantaneous true 

Poisson’s ratio. Curve fitting was carried out in three regions to calculate the true Poisson’s 

ratio, as shown in Fig 5b-d.  For comparison purpose, whole fitting method was also 

employed to smooth the data, see Fig. 5e and f.  Fig. 5g compares the Poisson’s ratio for 

helical auxetic yarn as a function of engineering longitudinal strain with different calculating 

methods. The silicone core shows a calculated true Poisson’s ratio of 0.5 over a strain of 0.4. 

The engineering Poisson’s ratio of the helical auxetic yarn has a positive value at very low 

strains. This is caused by reduction in warp outer diameter before the core is displacing 

laterally and becoming helical. At a stain of 0.025 there is a zero-crossing of the Poisson’s 

ratio. After this critical point the engineering Poisson’s ratio will become increasingly 

negative until the wrap straightens out. In comparison to the engineering Poisson’s ratio, the 

true Poisson’s ratio of the structure decreases at very low strain and crosses the zero point 

earlier and starts to have a negative value while the engineering Poisson’s ratio remains 
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positive. This is the onset of true auxetic behaviour of the structure. Both true and 

engineering Poisson’s ratios are negative until the strain reaches 0.25, after this the true 

Poisson’s ratio starts to increase and becomes positive again while the engineering Poisson’s 

ratio remains negative. These phenomena agree very well with previous numerical modelling 

results of mechanical properties of the HAY [24]. As it was discussed previously, fitting the 

data set as a whole will blur out localized effects, even at higher order fits (see Fig 5e). 

Localized effects are diminished and ‘real’ data is missed with a 4th or 9th order fit at the start 

and finish of the data set. The true Poisson ratio is a measure of instantaneous behaviour; 

therefore, it is vital to take into account of every ‘real’ data point in the calculation. In 

practice the initial positive Poisson’s ratio can be avoided by pre-tensioning, as a 

consequence, the material will be ready for its appropriate applications. 

    

The ratio of core to wrap diameters is a significant geometric parameter available to tailor the 

auxetic performance of helical auxetic yarn. Therefore, a helical auxetic yarn with 14 mm 

silicone rubber core was fabricated (Sample E). Poisson’s ratio analysis for this structure was 

carried out in the same manner as the one with 9 mm core. Fig. 5h compares the engineering 

and true Poisson’s ratio of sample E as well as the core. It indicates that calculated true 

Poisson’s ratio of the core maintains around 0.5, the engineering and true Poisson’s ratio 

become negative at very low strains and at almost same time, then the true Poisson’s ratio 

become positive again while the engineering one remains negative after strain of 0.225. It is 

interesting to see that the true Poisson’s ratio of the helical auxetic yarn approaches that of 

the core at the end of the data set. Therefore, in practice in order to have Poisson’s ratio 

remains negative the strain definition is essential.  
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Figure 6 presents Poisson’s ratio analysis of 3-component auxetic yarns (samples F, G and H). 

Fig. 6a shows average width vs average length of three data sets. Similar effect as for HAYs 

was noticed, the samples were getting longer and thinner at the beginning followed by getting 

longer and thicker.  An apparent decrease in average width of sample F is observed at the end 

of the demission data. This phenomenon could be due to the internal helical auxetic yarn is 

becoming thinner and lost contact with its coating material, thereby could not create a lateral 

expansion of the sample. Separate curve fittings are shown in Fig. 6b-d; it indicates that all 

curves all well fitted. In comparison to the engineering Poisson’s ratio, the true Poisson’s 

ratio of the sample decreases much faster until it becomes negative while the engineering 

Poisson’s ratio approaches zero, see Fig. 6e. A sharp increase at the end of the true Poisson’s 

ratio curve is attributed to the loss of contact between the internal helical auxetic yarn and the 

coating as the structure of the sample is failed. Fig. 6e demonstrates that a 3-component 

auxetic yarn will still have an auxetic behaviour after coating process. 

 

A thicker coating was employed to fabricate sample G, which has a 9 mm core and 9 mm 

coating thickness. In comparison to the pure silicone rubber core fibre, Fig. 6f shows that 

both engineering and true Poisson’s ratio decreases with strain. In Fig. 6f, at strain of around 

0.225 the true Poisson’s ratio is approaching zero, however, the instantaneous width of the 

sample is still less than its starting length, and therefore, the true Poisson’s ratio remains 

positive. It demonstrates that the 3-component auxetic yarn with 9 mm core and 9 mm 

coating is not auxetic. 

 

Sample H was fabricated with a larger 14 mm core and the same wrap using a 4 mm coating 

thickness. Fig. 6g shows that the engineering Poisson’s ratio is decreasing with the strain and 

approaches zero and becomes negative at the strain of around 0.25. The true Poisson’s ratio is 
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also decreasing with applied strain and crosses zero point much earlier than the engineering 

Poisson’s ratio at the strain of around 0.1, then it becomes increasingly negative until reaches 

maximum value. A sharp increase to positive at the end of true Poisson’s ratio curve is due to 

a sharp decrease in sample width. Fig. 6g demonstrates that sample H will still have an 

auxetic behaviour after coating process in terms of its engineering and true Poisson’s ratio.  

 

Figure 7 compares the auxetic performance of all samples in terms of their engineering and 

true Poisson’s ratio. Fig. 7a and b shows the effect of changing the core/wrap diameter ratio 

on the auxetic effect of the sample. Both engineering and true Poisson’s ratio demonstrates 

that the core/wrap diameter ratio has great impact on the auxetic behaviour of the sample and 

a larger core/wrap diameter ratio provides a better auxetic effect. As the previous work [25] 

indicated that variation in fibre diameter ratio showed less impact on the auxetic behaviour of 

a helical auxetic yarn while only the engineering Poisson’s ratio was considered and only the 

wrap fibre was varied to fabricate HAYs. In addition, a larger core/wrap diameter ratio will 

trigger earlier activation of the auxetic behaviour, as shown in Fig. 7b. This is another design 

parameter to maximise the negative Poisson’s ratio, and thereby the auxetic performance of 

the sample. As it shows in Fig. 7c-f, both engineering and true Poisson’s ratio analysis 

indicate that the auxetic behaviour of the sample will be diminished after the coating process, 

and the magnitude of the auxetic effect is decreasing with an increasing of coating thickness, 

see Fig. 8. Fig. 8 shows the minimum Poisson’s ratio of each sample batch vs coating 

thickness. It also demonstrates that a larger core/wrap diameter ratio will offer a better and 

earlier auxetic performance of the sample with or without coating. 

 

In order to investigate further the sharp decrease in width noticed at the end of the tensile 

measurements of the 3-component yarn, a second cycle tensile test was carried out. Fig. 9 
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presents a comparison of true stress-strain, true tensile modulus and true Poisson’s ratio 

analysis between the first and the second tensile measurements of coated samples. In 

comparison with the first cycle measurements, it is interesting to note that the true Poisson’s 

ratio analysis of all coated samples from the second cycle tensile measurements are very 

close to that of pure silicone rubber core. Fig. 9b shows that a sharp decrease of stress value 

is observed at the end of the first cycle tensile test of sample F, indicating that the sample 

structure is failed. The true tensile modulus for the first and second cycle tensile tests were 

computed from the smoothed true stress- true strain data (R2 < 0.99), see Fig. 9c. It indicates 

that the overall modulus of the second cycle tensile test is much lower than that of the first 

cycle tensile test. Fig. 10a shows the wrap fibre at the one end of the HAY was disconnected 

from the core fibre after large strain deformations. The gap between the wrap fibre and the 

sheath was increased after the second cycle tensile test, see Fig. 10b. Fig. 10c and d show the 

last images of sample F for the first cycle and the second cycle tensile tests, respectively. 

They demonstrate that the wrap fibre has not failed as the wrap fibre needs to be completely 

straight before failure. Therefore, it concluded that the internal helical auxetic yarn was 

becoming thinner and the interface between the wrap and coating was failed after the first 

cycle measurement. Thus a large displacement could damage the structure of a 3-component 

auxetic yarn, as a result of that it would lose its auxetic effect. This is another important 

design point to be considered in order to maximise the negative Poisson’s ratio. In practice 

the sample length and strain range needs to be carefully controlled in order to ensure the 

structure is still functionalised in terms of the auxetic effect, and a more compactable coating 

material will probably offers a solution to the interfacial failure problem. In addition, a high 

stiffness coating material can possibly improve the stiffness and the strength of composites, 

but it can also reduce the auxetic effect and the toughness of composites.  

4. Conclusions  
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This work has proposed a novel 3-component auxetic yarn structure and attempted to offer 

solutions for previous problems in manufacturing HAYs. The 3-component structure 

proposed here does not only offer a good binding between the core and wrap, but also offers a 

particularly exciting opportunity to protect potentially fragile high-performance wraps, such 

as carbon or glass fibre. In addition, applying a sheath with an appropriate coating thickness 

can avoid uneven fabrics and slippage of wrap fibre. Nevertheless, large strain deformations 

could cause the two ends of the wrap fibre disconnecting from the core fibre, and resulting 

the 3-component auxetic structure loses its partial auxetic effect.  

 

This work demonstrates that it is possible to fabricate a 3-component structure with a 

negative Poisson’s ratio. The auxetic behaviour is not diminished by an appropriate layer of 

coating. However, the magnitude of auxetic effect is decreasing with an increase of coating 

thickness. When a thick coating is employed, the auxetic effect can be completely eliminated, 

such as sample G. Therefore, in practice a thin layer of coating is recommended to fabricate a 

3-component structure. Note that the coating thickness can be utilised as a new design 

parameter to tailor the Poisson’s ratio of auxetic composite materials for different potential 

applications.  

 

For highly nonlinear and strain dependent auxetic materials, it is important to be aware of the 

difference between the true and engineering modulus. The true tensile modulus is always 

recommended in practice, as the engineering tensile modulus can provide misleading results. 

In addition, using the engineering Poisson’s ratio is not possible to adequately present the 

instantaneous behaviour of a highly strain dependent material. This is also the case of a 3-

component structure which demonstrated a highly strain dependent Poisson’s ratio. Several 
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polynomial fitting methods have been introduced for calculating the true Poisson’s ratio. The 

separate curve fitting method seems to be more appropriate than the whole fitting method.   
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 Table 1. Fabricated helical auxetic yarns and 3-component auxetic yarns.  

 

 

 

 

Sample Type Silicone core 

diameter 

(mm) (+/- 0.1mm) 

UHMWPE Wrap diameter 

(mm) (+/- 0.03mm) 

Initial wrap angle 

(
o
) 

Coating 

thickness 

(mm) 

Young’s modulus (MPa) 

A Fibre 9 - - - 2.1 + 0.3 

B Fibre 14 - - - 2.1 + 0.3 

C UHMWPE wrap - 0.37 - - 23,000 + 3,000 

D Helical auxetic yarn  9 0.37  38.8+1.2 - 2.2 + 0.9 

E Helical auxetic yarn 14 0.37  39.2+ 1.0 - 2.2 + 0.3 

F 3-component intrinsic auxetic yarn 9 0.37  38.3+1.5 5 1.8 + 0.7 

G 3-component intrinsic auxetic yarn 9 0.37  42.1+ 1.5 9 2.0 + 0.3 

H 3-component intrinsic auxetic yarn 14 0.37  41.6+1.8 4 1.8 + 0.2 

Table(s)
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Fig. 1. 3-component auxetic yarn. 
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Fig. 2. Tensile modulus analysis for samples D and G: (a) engineering and true stress of 

sample D; (b) engineering and true tensile modulus of sample D; (c) engineering and true 

stress of sample G; (d) engineering and true tensile modulus of sample G.  
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Fig. 3. Deformation measurements for single sample: (a) and (b) 9 mm silicone rubber 

core(sample A); (c) and (d) 14 mm silicone rubber core (sample B); (e) and (f) helical auxetic 

yarn with 9 mm core (sample D); (g) and (h) helical auxetic yarn with 14 mm core (sample E); 

(i) and (j) 3-component auxetic yarn with 9 mm core and 5 mm coating (sample F); (k) and (l) 

3-component auxetic yarn with 9 mm core and 9 mm coating (sample G); (m) and (n) 3-

component auxetic yarn with 14 mm core and 4 mm coating (sample H) . 
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Fig. 4. Poisson’s ratio analysis for samples A and B: (a) width vs length of sample A; (b) 

curve fitting for calculating true Poisson’s ratio of sample A; (c) and (d)  ���
��� and νxy vs εx of 

samples A and B. 
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Fig. 5. Poisson’s ratio analysis for samples D and E: (a) average width vs average length of 

sample D; (b) curve fitting for region a of sample D; (c) curve fitting for region b of sample 
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D; (d) curve fitting for region c of sample D; (e) 9th order one fit of sample D; (f) 4th order 

one fit of sample D; (g) various ν vs εx of sample D; (h)	���
��� and νxy vs εx of sample E.  

 

 

20 21 22 23 24 25 26 27 28 29
13.0

13.5

14.0

14.5
cba

a

A
ve

ra
ge

 w
id

th
 (

m
m

)

Average length (mm)
20.6 20.8 21.0 21.2 21.4 21.6 21.8 22.0 22.2 22.4 22.6

13.65

13.70

13.75

13.80

13.85

13.90

13.95

14.00

14.05b

A
ve

ra
ge

 w
id

th
 (

m
m

)

Average length (mm)

 region a   3rd order polynomial fit, R2 = 0.9851 

 

22.5 23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0 27.5 28.0 28.5
13.65

13.70

13.75

13.80

13.85

13.90

13.95

14.00

14.05

14.10c

A
ve

ra
ge

 w
id

th
 (

m
m

)

Average length (mm)

 region b   3rd order polynomial fit, R2 = 0.9762

28.40 28.45 28.50 28.55 28.60 28.65 28.70 28.75 28.80
13.75

13.80

13.85

13.90

13.95

14.00

14.05d
A

ve
ra

ge
 w

id
th

 (
m

m
)

Average length (mm)

 region c   3rd order polynomial fit, R2= 0.9384

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-1

0

1

2

3e

P
oi

ss
on

'ra
tio

Engineering longitudinal strain

 separate fitting true  engineering  9 mm core true

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-0.5

0.0

0.5

1.0

1.5

2.0

2.5f

P
oi

ss
on

'ra
tio

Engineering longitudinal strain

 one fitting true  engineering  9 mm core true

 



7 
 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25g

P
oi

ss
on

'ra
tio

Engineering longitudinal strain

 separate fitting true  Engineering  14 mm core true

 

Fig. 6. Poisson’s ratio analysis for 3-component auxetic yarns: (a) average width vs average 

length of sample F; (b) curve fitting for region a of sample F; (c) curve fitting for region b of 

sample F; (d) curve fitting for region c of sample F; (e) ���
��� and νxy vs εx of sample F. (f) ���

��� 

and νxy vs εx of sample G; (g) ���
��� and νxy vs εx of sample H.  
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Fig. 7. Comparison of engineering and true Poisson’s ratio between samples D, E, F, G and H.      
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Fig. 8. Minimum Poisson’s ratio vs coating thickness of samples D, E, F G, and H.   
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Fig. 9. Comparison of true Poisson’s ratio, true stress-strain, and true tensile modulus 

analysis between the first cycle and second cycle tensile test of samples F(a), (b), (c), G (d) 

and H (e).  
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Fig. 10. Pictures of one 3-component auxetic yarn with 9 mm core and 5 mm coating (sample 

F): (a) interface failure between the wrap fibre and the coating at the one end of the sample 

after the first cycle tensile test; (b) interface failure between the wrap and the coating at the 

same end of the sample after the second cycle tensile test; (c) the last image of sample F from 

the first cycle tensile test; (d) the last image of sample F from the second cycle tensile test.  


