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Abstract  

Auxetic woven fabrics made with special geometrical structures have gained the interest of 

textile scientists in recent years. This paper reports a study on auxetic woven fabric based on a 

double directional parallel in-phase zig-zag foldable geometrical structure. Such a fabric has been 

already produced and investigated for its negative Poisson’s ratio effect in two principal 

directions (weft and warp direction). However, its negative Poisson's ratio effect in biased tensile 

directions as well as under repeated tensile loading conditions has not been studied yet. 

Therefore, in this paper, these two limitations are addressed. The auxetic woven fabric was firstly 

fabricated, and then subjected not only to tensile tests in different tensile directions including 

two principle directions and three biased directions, but also to repeated tensile loading. It was 

found that both the negative Poisson’s ratio effect and the resistance to tensile deformation are 

dependent upon the tensile direction, and the highest negative Poisson’s ratio effect and higher 

resistance to tensile deformation are obtained in two principal directions. 

Keywords: negative Poisson’s ratio, woven fabric, geometrical structure, deformation behavior, 

and resistance to tensile deformation, different tensile directions. 

1. Introduction  

This is the accepted version of the publication Kamrul, H., Dong, W., Zulifqar, A., Zhao, S., Zhang, M., & Hu, H, Deformation behavior of auxetic woven 
fabric made of foldable geometry in different tensile directions, Textile Research Journal (Volume 91 and Issue 44228) pp. 87-99. Copyright © 2020  
(The Author(s)). DOI:10.1177/0040517520936289.

This is the Pre-Published Version.



2 
 

Over the past few years, many studies have been conducted to investigate auxetic effect or 

negative Poisson’s ratio (NPR) effect of different textile materials including auxetic fibers1,2, 

auxetic yarns3-5, auxetic knitted fabrics 6-9, auxetic woven fabrics10-13, auxetic braided structures14, 

15, auxetic non-woven and auxetic textile composites16-18. Compared to conventional fabrics, 

auxetic fabrics exhibit NPR, which equips them with a number of unconventional properties. 

These include synclastic behavior under bending condition19, better shape fitting ability, and 

reduced garment pressure exerted by the fabric on joint parts of the human body during 

movement or exercise20-26. Another important property is pores opening behavior under tension, 

which leads to increased air permeability of fabrics and controlled drug delivery for wound 

healing10, 27, 28. In addition, other properties including sound absorption25, energy absorption 

ability26, and vibration damping29, 30could be improved. These properties make auxetic fabrics a 

very attractive choice for many applications such as protective sportswear31, children’s wear for 

size adaptability8, functional underwear32, medical applications33, blast curtain34, maternity 

clothes9, aerospace, and military applications32.  

Auxetic fabrics can be fabricated using auxetic or non-auxetic yarns35, 36. To date, auxetic fabrics 

produced using auxetic yarns and weaving technology have helical auxetic yarns (HAYs) as weft 

yarns or warp yarns5, 27, 37.  When HAYs were used as weft yarns, it was found that the auxetic 

fabrics made with plain and twill weave showed a better NPR effect than the fabric made with 

satin weave10. Recently, auxetic plied yarns were also used to fabricate auxetic woven fabrics, 

and it was found that the alternative arrangement of  S- and Z-twisted auxetic plied yarns in a 

woven fabric can produce a higher NPR effect38. It should be noted that the use of auxetic yarns 

to fabricate auxetic fabrics makes the weaving process very complicated as auxetic yarns have to 
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be precisely arranged in woven structure to get the NPR effect. In addition, the NPR effect of 

auxetic yarns cannot be completely transferred to the woven fabric, because of the obstructions 

rendered by the interlacement points in the woven fabric structure. Therefore, using non-auxetic 

yarns to fabricate auxetic woven fabric has become a most used way. In this method, the key 

technique is to realize an auxetic geometry into fabric structure. Adopting this technique, various 

auxetic fabrics have been developed by using both knitting and weaving technology. Liu et al. 

produced auxetic weft knitted fabrics based on a Miura-origami structure by using flat knitting7. 

Hu et al. designed and fabricated different types of auxetic weft knitted fabrics based on foldable 

structures, rotating rectangles, and reentrant hexagons6. In addition to auxetic weft knitted 

fabrics, auxetic warp knitted fabrics were also fabricated based on the reentrant hexagonal 

geometry39, rotational hexagonal loops geometry40, double arrowhead geometry41, and spacer 

structure8. However, these auxetic knitted fabrics have some limitations, such as higher 

thickness and low structural stability, which confined their applications in certain areas.  

On the other hand, different types of auxetic woven fabrics were also produced based on foldable 

geometry11, 42, rotating rectangle geometry13, and reentrant hexagonal geometry (REHG)43 

through the creation of differential shrinkage or non-uniform contraction profile within the unit 

cells of the fabric structure. This was achieved by using elastic and non-elastic yarns, as well as 

combinations of loose and tight weaves. It was reported that these auxetic woven fabrics have 

NPR effect over a large range of tensile strain when stretched in either principle direction (warp 

and weft directions)11, 42, 43, and if used in real life applications such as sportswear, they can 

improve the shape fitting ability at joint parts. In such applications, the NPR effect of fabrics in 

different tensile directions becomes important, because they are stretched repeatedly not only 
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in principle directions but also undergo repeated stretching in biased directions during real-life 

usage12, 35, 44. However, most of the researches on auxetic woven fabrics are still limited to the 

NPR effect in two principle directions under one stretch condition. Although a study is reported 

on the NPR effect and resistance to tensile deformation under repeating tensile cycles (RTCs) in 

different tensile directions for REHG woven fabric12, similar research for other auxetic woven 

fabrics cannot be found in the literature.  

This paper presents a study on the NPR effect and resistance to tensile deformation under RTCs 

in different tensile directions for auxetic woven fabric made with foldable geometry. Such a fabric 

has been already produced and investigated for its negative Poisson’s ratio effect in two principal 

directions (weft and warp directions)11. It is expected this new study can further provide more 

useful information that can be adopted in the design of such type of fabrics for real-life 

applications. 

2. Experimental  

2.1 Fabrication of auxetic woven fabric 

It is reported that the NPR effect can be induced into a woven fabric structure by adopting special 

interlacement patterns based on special auxetic geometrical structures6, 12. Those interlacement 

patterns consist of an array of unit cells that possess differential shrinkage effects at different 

sections of fabric. Therefore, upon relaxation, the different shrinkage behavior at different parts 

of the unit cell leads to the realization of the auxetic geometrical structure into the fabric. Using 

this approach, Cao et al. fabricated auxetic woven fabric based on an auxetic geometry as shown 

in Figure 1(a)11. Figure 1(b) shows the minimal repeating unit of this foldable structure.  
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Figure 1. Auxetic geometry based on double-directional folded strips in parallel in-phase zig-zag 

fashion: (a) relaxed state; (b) unit cell; (c) stretched along the warp direction; (d) stretched 

along the weft direction. 

This structure has alternate double-directional in-phase parallel zigzag foldable and flat stripes 

running along the weft direction with a connecting angle of 45°, which allows the design of 

symmetric interlacement pattern. Upon stretching in any direction, this foldable structure can be 

unfolded increasing the dimensions in the lateral direction, thus producing the NPR effect as 

shown in Figure 1(c) and (d), respectively.  
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In this study, the auxetic woven fabric was designed and fabricated using the same geometry and 

yarn materials. As shown in Figure 2 (a), the repeating unit of the interlacement pattern was 

designed based on a combination of alternative loose and tight weave stripes. The loose and tight 

weaves were placed in a manner that they made parallel in-phase zig-zag stripes running along 

the weft direction.  The plain weave (1/1) was used as a tight weave and twill weave (3/1) with a 

floating length of 3 was used as a loose weave. It was observed that when the fabric was in a 

relaxed state, the twill weave (3/1) created a loose weave effect with higher shrinkage into the 

unit cell. Conversely, the plain weave (1/1) created a tight weave effect with lower shrinkage into 

the unit cell. Therefore, the higher shrinkage of the loose weave area forced the tight weave area 

to collapse and create double-directional folds in a parallel in-phase zig-zag fashion, which can 

be unfolded upon stretch to achieve an NPR effect. It was also observed that longer floats, which 

are formed because of the joining of long floats of adjacent yarns at the middle and edges of the 

unit cell, might influence the stability of the fabric structure. Therefore, the warp yarns at 

positions ‘0’ were lowered to break these too long floats in the weft direction as shown in Figure 

2(a).  The fabric was fabricated by using all elastic yarn in the weft direction and alternate elastic 

and non-elastic yarn arrangement in the warp direction with the proportion of half elastic and 

half non-elastic yarn. This alternate elastic and non-elastic yarn arrangement was used because 

it was observed that the elastic yarns generate elasticity into the fabric structure and act as a 

return spring, while the non-elastic yarns make the fabric unit cell more stable. In addition, 

because of the different tensile properties of two types of yarns, differential shrinkage effect was 

created within the fabric unit cell.  Since the combination of alternative elastic and non-elastic 

yarns was used in the warp direction, a rapier weaving machine (Model: SL8900S) manufactured 
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by CCI Intech with separate control systems for both beams was used. Furthermore, the warp 

yarns were sized by water-soluble polyvinyl alcohol (PVA), which can be de-sized after normal 

washing. The details of the yarns used are listed in Table 1.  

Table 1. Details of the yarns used  

Type of yarn Structure of yarn TPI of yarn Linear density (Tex) 

Non-elastic yarn Cotton spun yarn 24.32 14.8 

Elastic yarn Core-spun cotton spandex yarn with  

a 40-denier spandex filament 

26.61 14.8 

 

After weaving, the fabric was subjected to relaxation for 48 hours at standard atmospheric 

conditions (25±2⁰C and 65±2 RH). The fabric was then washed for 45 minutes in a Whirlpool 

washing machine (model: 3LWTW4840YW) followed by drying and relaxation at room 

temperature for 24 hours.  After relaxation, the differential shrinkage effect was created into the 

fabric structure and double-directional folds in a pre-designed parallel in-phase zig-zag manner 

were formed, which can be unfolded upon stretch to achieve an NPR effect. Figure 2(b) shows 

the produced auxetic woven fabric, and the details of the fabric, including yarn arrangements 

and the drawing in the draft (repeat of warp yarn filling pattern into the healed frames), are given 

in Table 2. 

Table 2. Details of the auxetic fabric structure based on foldable geometry 

Warp density 

(/cm) 

Weft density (/cm) Tight weave Loose weave 

26. 40  24.20 Plain weave (1/1) Twill weave (3/1) 

Drawing-in draft 
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Figure 2. Auxetic woven fabric based on foldable geometry: (a) schematic illustration of 

arrangements of plain (1/1) weave and twill weave (3/1) within the unit cell of the 

interlacement pattern; (b) fabric at relaxed state showing outlines of unit cells. 

The realization of folds in the fabric can be observed in Figure 2. After relaxation, the yarns within 

the unit cell at loose weave areas tend to be closed due to more shrinkage of elastic yarns than 

non-elastic yarns. At tight weave areas with small floats of warp and weft yarns, the yarns are 

firmly woven and are not as mobile as in loose weave areas. Consequently, tight weave areas 

undergo lesser shrinkage as compared to the loose weave areas, creating the differential 

shrinkage within the fabric structure. The higher shrinkage of the loose weave areas will force 
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the tight weave areas to collapse and create double-directional folds in a parallel in-phase zig-

zag fashion.  

2.2 Testing 

To measure the NPR effect in five different tensile directions, the specimens of the auxetic woven 

fabric were subjected to the tensile test. The tensile directions included two principal directions 

and three biased directions. Figure 3 shows the schematic illustration of specimens in these 

tensile directions. The photos of test specimens showing the outlines of the unit cell in different 

tensile directions are presented in Figure 4.  A square was marked on each specimen to facilitate 

the measurement of the size changes in both tensile and transverse directions during the tensile 

tests, as shown in Figure 5(a). 

 

Figure 3. Schematic illustration of the testing specimen in different tensile directions. 
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Figure 4. Photos of the testing specimens showing the orientation of unit cell in different tensile 

directions. 

ASTM D5035-95 standard was followed and Instron 5566 tensile testing machine was used to 

conduct the tensile test with the following parameters: gauge length (150 mm); crosshead speed 

(50 mm/min); pre-tension (0.2 N); and sample size (200 mm ×50 mm). Three specimens were 

used for testing in each tensile direction with the same parameters until the breaking of fabric. 

To measure the size change in tensile and transverse directions, the tensile process was video-

recorded by a high-resolution camera (Canon-EOS 80D) which was placed on a tripod in front of 

the specimen, as shown in Figure 5(b). Then the photos were extracted from the video with an 

interval of 2–3 seconds or 1% of tensile strain. A photo was also taken before the start of tensile 

testing, which was considered as a photo of the specimen in the un-stretched state. This photo 

was used to make a comparison with photos of the fabric extracted from the video at different 

tensile strains. In the photos, the distances between the line marks in the tensile and transverse 

directions were measured via a screen ruler for both un-stretched and the stretched states at 
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different tensile strains of each specimen. After that, the engineering strains of the fabric 

structure were calculated in both the transversal and tensile directions through Eqs. (1) and (2).  

𝜀𝑦  =  
𝑌−𝑌0

𝑌0
       (1) 

𝜀𝑥   =  
𝑋−𝑋0

𝑋0
        (2) 

Where 𝜀𝑦is the transversal strain, 𝜀𝑥  is the tensile strain, 𝑌and 𝑌0 are the initial and extended 

length in the transversal direction, respectively, 𝑋 and 𝑋0 are the initial and extended length in 

the tensile direction, respectively. Finally, Poisson’s ration 𝑣 was calculated via Eq. (3). 

𝑣  =  −
𝜀𝑦

𝜀𝑥
        (3) 

It is important to mention that the stress-strain curves were generated automatically by the 

Instron 5566 tensile testing machine. 
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Figure 5. Tensile testing setup: (a) fabric specimen; (b) photo of the specimen, Instron 5566, 

and camera. 

The RTCs test was also conducted to study the variation in the NPR effect after repeated tensile 

loading and resistance to tensile deformation. It is highlighted that the same tensile testing setup 

as shown in Figure 5(b) and parameters were used for the RTCs test. Figure 6 systematically 

illustrates the RTCs test process at the different tensile strain. Each specimen was tested for 20 

RTCs. During each tensile cycle, the fabric specimen was stretched up to 25% of the tensile strain, 

then it was kept there for 10 seconds, and after that, it was returned to its original position at 

the same speed and kept there again for 10 seconds for relaxation. This process for the individual 

tensile cycle was repeated until the completion of 20 cycles for each specimen. The video of the 

entire process of the RTCs test was also recorded and the Poisson’s ratio was calculated following 

the same method as explained above. Three specimens were used for testing in each tensile 
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direction and average Poisson’s ratio values at tensile strains of 5%, 10%, 15%, 20%, and 25% 

were calculated for each tensile cycle. Finally, the Poisson’s ratio for each tensile direction was 

plotted against the number of tensile cycles to study the influence of RTCs test on the NPR effect 

of the fabric and the resistance to tensile deformation in each tensile direction. 

 

Figure 6. Schematic illustration of the RTCs test.                                                                                                                  

3. Results and discussion 

3.1 Auxetic behavior at different tensile directions 

Upon stretch, the double-directional folds are unfolded, and the transverse dimension is 

increased, therefore, the NPR effect is achieved. Figure 7 compares Poisson’s ratio versus tensile 

strain curves for the auxetic woven fabric when the fabric specimens are stretched in different 
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tensile directions. It can be observed that every specimen has an NPR effect over a different range 

of tensile strain and the highest NPR effect is achieved along the two principal directions 

compared to the three biased directions. Specifically, the highest NPR values of -0.36 and -0.24 

are obtained at the tensile strain of 2-5% along the warp and weft directions, respectively. Upon 

further stretching in the warp direction, the NPR sharply decreases and reaches up to -0.16 with 

the increase of tensile strain to 12%. After that, the NPR gradually decreases with increasing 

tensile strain and becomes zero at 67% tensile strain. When the specimen is stretched in the weft 

direction, the NPR effect rapidly decreases, and the NPR value reaches -0.10 at 12% tensile strain. 

Afterward, the NPR starts to gradually decrease up to the tensile strain of 24% and keeps stable 

up to 48% tensile strain. After that, the NPR value again decreases with the increase of tensile 

strain. It is observed that the fabric keeps the NPR effect even when the tensile strain reaches 

90%. These results indicate that the fabric has the NPR effect over a large range of tensile strain 

in both principal directions.  In addition, the NPR effect is also achieved when the fabric is 

stretched along biased directions as shown in Figure 7. However, the NPR effect is obtained only 

over a smaller range of tensile strain. Furthermore, the NPR reaches the highest level at the initial 

stage of tensile strain, then gradually decreases to zero with the increase of tensile strain. 

Particularly, the highest NPR of –0.18 is obtained at a tensile strain of 3% when the fabric is 

stretched along the 22.5⁰ biased direction, and the lowest NPR effect is achieved when stretched 

along the 67.5⁰ biased direction. It is found that the NPR effect is kept only up to 14% tensile 

strain when the fabric is stretched along 45⁰ and 67.5⁰ biased directions.  Besides, the NPR effect 

is kept up to a tensile strain of 18% when stretched along the 22.5⁰ biased direction.  
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Figure 7. Poisson’s ratio versus tensile strain curves in different tensile directions. 

It was observed that in all tensile directions, the NPR effect significantly increases at the initial 

stages of the tensile strain and then decreases with the increase of the tensile strain. The reason 

for this behavior is that when the fabric is stretched in different tensile directions, the 

transposition of yarn shrinkage at the loose weave areas takes place due to more yarn mobility 

in these areas. The yarns in tensile direction then tend to get straight orientation to the tensile 

direction and the double directional folded area comes with an opening in the transverse 

direction immediately at the lower tensile strains. Therefore, a higher NPR is achieved at the 

initial stage of tensile strain. Upon further stretching, the yarns in tensile direction at loose weave 

areas continue to extend until the transposition of shrinkage at loose weave areas is completed. 

Therefore, the yarns in tensile direction then start moving apart to shift towards the position that 

they held at tight weave areas. This increases the values of tensile strain and starts to decrease 
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the value of the NPR. Subsequently, at higher tensile strains, the slippage effect at the cross over 

points of warp and weft is reached and the fabric undergoes contraction in the transverse 

direction, which results in positive Poisson’s ratio. Besides, it was also observed that at higher 

tensile strains, the fabric experiences an out of plane angular deformation or buckling, which also 

leads to a contraction in the transverse direction, resulting in positive Poisson’s ratio. However, 

there was no in-plane angular deformation observed across transverse direction throughout the 

tensile test. Furthermore, the NPR effect of the fabric is less when stretched along the weft 

direction as compared to the warp direction. This is because the shrinkage and folded effects are 

larger along the weft direction of the fabric and it can be observed clearly from Figure 8.  

Therefore, when the fabric is stretched along the weft direction as shown in Figure 8(a), because 

of the higher shrinkage and larger folded effect along this direction, the transposition of 

shrinkage at loose weave areas and the opening of the folded area along the warp direction 

occurs at higher tensile strain, which reduces the NPR value. On the other hand, when the fabric 

is stretched along the warp direction as shown in Figure 8(b), due to the smaller shrinkage and 

folded effect along this direction and larger folded effect along the weft direction, the transpose 

of shrinkage completes earlier and larger opening of the folded area along the weft direction is 

achieved even at smaller tensile strain, resulting in the higher NPR.  
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Figure 8. Photos of the fabric showing the deformation behavior of the unit cell at different 

tensile strains: (a) weft direction; (b) warp direction. 

Furthermore, it can be observed from Figure 7, when the fabric is stretched along three biased 

directions, the NPR effect is almost similar at higher tensile strains. However, the NPR effect 

obtained at smaller tensile strains is larger when the fabric is stretched along the 22.5⁰ biased 

direction as compared to that produced when the fabric is stretched along with the 45⁰ and 67.7⁰ 

biased directions.  

This might be because of the orientation of the unit cell. As shown in Figure 9, when the fabric is 

stretched in 22.5⁰ biased directions, the orientation of the unit cell is such that most of the folded 

section part of the unit cell experiences the stretching force, and larger opening of folded sections 

in the transverse direction is achieved which results in higher initial NPR. Furthermore, as the 

tensile strain increases in the case of all three biased directions, the unit cell loses its true 
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orientation which results in a contraction in transverse direction instead of expansion resulting 

in positive Poisson’s ratio as shown in Figure 7.   

 

Figure 9. Photos of the fabric showing the deformation behavior of the unit cell at different 

tensile strains: (a) 22.5⁰ biased direction; (b) 45⁰ biased direction; (c) 67.5⁰ biased direction. 

In addition to the orientation of the fabric structural unit cell, the NPR effect is also influenced by 

the fabric extensibility in different tensile directions. Figure 10 shows the tensile stress–tensile 

strain curves of the fabric in different tensile directions. When stretched in the biased directions, 
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the fabric has more extensibility as compared to the warp direction. In this case, the magnitude 

of tensile strain depends on the deviation of the tensile direction to the warp direction. This is 

because stretching the fabric in biased directions can result in three different conditions that are 

associated with warp yarns. Firstly, both ends of the warp yarns are clamped; secondly, only one 

end is clamped; and lastly, both ends of the yarn are free. Therefore, upon stretching in a biased 

direction that is further away from the warp direction, the existence of the second or third 

conditions becomes more obvious and the extensibility is increased. This means the direction of 

force application can produce the maximum elongation at a lower yarn tension.  Because of this, 

the straightforward deformation of the foldable structural unit cell is lesser, and a smaller NPR 

effect is produced when the fabric is stretched in these biased directions.  

 

Figure 10. Tensile stress–tensile strain curves of the auxetic woven fabric in different tensile 

directions. 
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3.2 Auxetic behavior under repeated tensile cycles 

Figure 11 shows the plots of Poisson’s ratio as a function of tensile cycle at tensile strains of 5%, 

10%, 15%, 20%, and 25%. It can be seen that for each stretch direction and at each level of tensile 

strain, the highest NPR effect is obtained after the first RTC at 5% of tensile strain and the NPR 

effect decreases with increasing RTCs.  When the fabric is stretched in the warp direction, the 

highest NPR value of -0.36 is achieved at a tensile strain of 5% after the first RTC as shown in 

Figure 11(a). Afterward, the NPR effect is gradually decreased following every tensile cycle up to 

6 RTCs, then the NPR effect is kept almost the same up to 20 RTCs. However, it is found that the 

fabric can keep around 70 % of the NPR effect after completing 20 RTCs for each level of tensile 

strain. Figure 11(e) shows the RTCs results in the weft direction where the highest NPR value of 

–0.26 is achieved at a tensile strain of 5% after the first RTC. It can be seen that the NPR value is 

decreased after every tensile cycle up to 11 RTCs, and then remains stable up to 20 RTCs. The 

fabric keeps around 60 % of the NPR effect after completing 20 RTCs.  
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Figure 11. NPR effect under repeating tensile condition: (a) stretched in the warp direction 

(90⁰); (b) stretched in the biased direction (22.5⁰); (c) stretched in the biased direction (45⁰); (d) 

stretched in the biased direction (67.5⁰); (e) stretched in the weft direction (0⁰).  
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Figure 11(b) shows Poisson’s ratio versus tensile cycle plots when the fabric is stretched in 22.5⁰ 

biased direction at different tensile strains. It is observed that at tensile strains of 5%, 10%, and 

15%, the fabric shows NPR effect at smaller RTCs which decreases with increasing RTCs and is 

lost at higher RTCs. It can also be observed that at the tensile strain of 5%, the highest NPR value 

of –0.12 is obtained and the NPR value is decreased with increasing RTCs until 5 RTCs and after 

that, the NPR value is kept the same up to 20 RTCs. Moreover, at 20% of tensile strain, the NPR 

effect is achieved at the beginning and no NPR effect is obtained after the second RTCs. 

Furthermore, at 25% of tensile strain, no NPR effect is achieved as shown in Figure 11(b). When 

the fabric is stretched in 45⁰ biased direction as shown in Figure 11(c), at 5% of tensile strain, the 

NPR effect is obtained which decreases with increasing RTCs until 13 RTCs, after that, the NPR 

value is kept the same until 20 RTCs. It is also observed that no NPR effect is obtained at 15%, 

20%, and 25% of tensile strain. Finally, when the fabric is stretched in 67.5⁰ biased direction as 

shown in Figure 11(d), the highest NPR value of –0.07 is obtained at the tensile strain of 5%, and 

NPR is achieved even after completing 20 RTCs. Furthermore, at the tensile strain of 10% and 

15%, only a smaller value of the NPR effect is achieved which is decreased with the increasing 

RTCs and is lost after 11 RTCs at 10 % of tensile strain and after 6 RTCs at 15% of tensile strain. 

However, at 20% and 25% of tensile strain, no NPR effect is obtained.  

These results reveal that the NPR effect is influenced by the stretching direction and the number 

of RTCs. It is found that a higher NPR effect is produced when the fabric is stretched along the 

principal directions as compared to the biased directions. In addition, the resistance to the tensile 

deformation of the fabric is also higher in the principal directions as compared to the biased 

directions. Moreover, between two principal directions, the NPR effect and resistance to tensile 
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deformation along warp direction is higher than along weft direction. This is due to the fact that 

the unit cell is more stable along warp directions and can keep its shape even after completion 

of many RTCs. On the other hand, in case of biased directions, the fabric has higher extensibility 

along these directions, but the unit cell is not very stable and loses its shape easily. Therefore, 

the loss of the NPR effect is higher along these directions as compared to the principal directions. 

This means that the principal directions have a higher resistance to tensile deformation as 

compared to biased directions. Regarding the influence of the RTC, it is observed that the NPR 

effect is decreased with the increase of RTCs for each tensile direction. This might be because of 

the fact that there is a permanent deformation-induced into the fabric structure after every RTC. 

This result suggests it is very important to reduce the effect of repeated stretching on the NPR 

effect of fabrics, in other words, to improve the tensile deformation resistance ability. This can 

be achieved by the application of a finish or coating that has compatibility with the fabric in terms 

of flexibility, elongations, and other tensile properties. 

Conclusions 

This paper reports the development and analysis of bi-stretch auxetic woven fabric based on 

foldable geometry. The fabric was first fabricated by using non-auxetic yarns and combinations 

of loose and tight weaves. Tensile tests were conducted for five different tensile directions which 

include two principal directions and three biased directions. The tensile repeating test was also 

performed for each of the tensile direction to study the effect of repeated tensile loading on the 

NPR effect. The results have shown that fabric possesses auxetic behavior when stretched in all 

five directions. From this study, the following conclusions can be made. 

1. Bi-stretch auxetic woven fabrics based on foldable geometry have the NPR effect in 

principal as well as in biased directions. 
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2. Higher NPR effect and tensile deformation resistance ability are obtained when the fabric 

is stretched in the principal directions as compared to those obtained in biased directions. 

3. When the fabric is stretched in two principal directions, the higher NPR effect and tensile 

deformation resistance ability are obtained in the warp direction. 

4. When the fabric is stretched in three biased directions, the highest initial NPR effect is 

obtained in 22.5⁰ biased direction at 5% of tensile strain.  

5. No NPR effect is obtained at 20% and 25% of tensile strains when the fabric is stretched 

in 45⁰ and 67.5⁰ biased direction. 

6. All three biased directions have larger extensibility as compared to the principal 

directions. 

7. The NPR effect in each stretch direction decreases with increasing tensile cycles.  

8. The developed auxetic woven fabric can keep around 60% of its NPR effect when 

stretched in the weft direction, but when it comes to the warp direction, it can keep 70% 

of its NPR effect after 20 repeating tensile cycles. 
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