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Influence of Repeat Unit Size on the Auxetic Effect 
of Foldable Weft Knitted Fabrics 

 

 

 

Abstract—General phenomenon of engineering materials is 

to reduce the width when stretched. The auxetic materials 

expand in the lateral direction when stretched and contract 

when compressed, giving a negative Poisson's ratio. This 

exceptional behaviour of auxetic materials offers great benefits 

such as enhanced fracture toughness, superior indentation 

resistance, and better energy and sound absorption. Auxetic 

knitted fabrics have a high potential to be employed in areas of 

tissue engineering, adaptive clothing, and various fashion 

applications. The inherent curly configuration of single jersey 

weft knitted fabrics makes it an ideal candidate for creating 

foldable auxetic fabric structures. Therefore, a foldable weft 

knitted structure is selected for further investigation. Various 

foldable knitted structures were developed by changing the 

repeat unit size and evaluated for the folding properties. The 

highest negative Poisson's ratio reported was – 0.73 from the 

24x24 (courses x wales) repeat unit.  

Keywords—Auxetic textiles, Negative Poisson's Ratio, Weft 

knitted fabrics 

I. INTRODUCTION  

Auxetic materials exhibit unconventional mechanical 
characteristics. They experience lateral expansion under axial 
tension and lateral contraction under axial compression, which 
is the opposite of how a regular material responds. This 
exceptional elastic behaviour happens due to the Negative 
Poisson's Ratio (NPR) of the material. The auxetic property 
may provide lightweight materials with superior energy 
absorption, resistance to indentation, shear resistance, fracture 
resistance, acoustic absorption, and variable permeability.[1].  

The unusual behaviour of these materials have been 
considered for many new applications which otherwise would 
been impossible. These applications can be found in the fields 
such as biomedical, aerospace, building and construction, 
smart textiles, and defence. Research is being carried out in 
many other fields for many other applications. Artificial blood 
vessels are being developed to allow widening of blood 
vessels when blood flows through, which will significantly 
reduce the probability of rupture [2]. In the building and 
construction industry, auxetic materials are being employed as 
the core material in sandwich panels [3]. These panels are used 
in applications where high structural rigidity and low weight 
are required. Smart textiles made from auxetic fibres and 
yarns can be used to create crash helmets, body armour, and 
sports clothing with an increased dent and fracture resistance 
as well as increased energy absorption [4]. The auxetic 
concept begins with rigid materials. Textile manufacturing 
concepts offer greater opportunities in developing flexible 
material solutions having auxetic properties, hence expand the 
umprella of applications for auxetic materials.  

The development of auxetic fabric structures appears to be 
an excellent opportunity to solve problems that were very  

 

 

 
 

complex or expensive in the past [4]. Auxetic properties can 
be introduced to textile materials during three stages: fibre, 
yarn, and fabric manufacturing. In the fibre stage, auxetic 
behaviour is accumulated by redesigning the polymer chains 
with auxetic structures. However, the high cost and 
complexity are major limitations in their manufacturing 
process [5]. Therefore, filament wrapping techniques are used 
in the yarn stage to increase the auxetic effect. But the low 
modulus of helical auxetic yarns limits the use of auxetic yarns 
to produce auxetic fabrics. Therefore, many researchers put 
their interest in manufacturing auxetic fabrics using non-
auxetic yarns and fibres. Among other fabric manufacturing 
methods, weft knitting is considered as one of the most 
suitable techniques to manufacture auxetic fabrics because of 
its process flexibility and broad structure variety.  

The NPR effect of the material comes typically from the 
special structural arrangement. Few of these auxetic structures 
identified in the literature include reentrant structures [6], 
rotating rigid structures [7], chiral structures [8], and foldable 
structures [9]. The mechanical behaviour of these structures is 
directly affected by the final properties of the fabric. 
According to current research, foldable zigzag structures 
exhibit the highest NPR value [4], [9]. Therefore, this study 
aims to design three-dimensional fabric structures with a 
foldable zigzag pattern for further analysis. Fig. 1(a) shows a 
rigid foldable zigzag pattern structure and its repeat unit. Fig. 
1(b) shows the expansion of foldable structure when a force is 
applied.  

 

 

 

 

 

 The self-folding behaviour of knitted structures is 
considered to obtain a zigzag foldable structure. The inherent 
curly configuration exists due to the unbalanced force inside a 
knit loop creates a structural disequilibrium after relaxing [5]. 
Especially single jersey structures tend to curl at the edges due 
to the unbalanced forces. This concept is used in this study by 
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Fig. 1. a) Zigzag foldable structure b) Expansion of foldable structure 
under force 



creating a ‘purl’ structure with alternate front and back loops. 
The forces in the fabric cause to buckle and create a linear fold 
similar to a 3D paper folding. When a force is applied, the 3D 
structure unfolds, increasing the dimensions in both course 
and wale directions. Although processing techniques such as 
ironing and steaming are available to create foldable 
structures, self-folding structures are more economically 
viable and repeatable without additional manipulation [10].  

To date, there have been few attempts at creating weft-
knitted auxetic structures and testing for their properties. Still, 
research on the influence of the size of the repeat unit on the 
NPR of the fabric is limited in the existing literature. The 
study's objective was to (1) study the principles of auxetic 
materials and develop auxetic weft knitted fabrics by changing 
the repeat unit size and (2) measure the NPR to determine the 
auxetic behaviour.  

II. METHODOLOGY 

A. Sample Preparation 

Repeat unit parameters are considered the most crucial 
parameters for the auxetic behaviour of fabrics. Hence, fifteen 
different samples were developed by changing the repeat unit 
cell parameters. The knitted structures were produced using 
acrylic yarn having linear density of 72 tex. As shown in Table 
1, the repeat unit structures were divided into three Series 
according to the number of courses and the wales in a repeat 
unit.  

TABLE I.  STRUCTURAL PARAMETERS MEASURED AT THE RELAXED 
STATE 

Series Fabric Specimen (Courses X 

Wales) 

 
Series I 
(No of Courses = No of  Wales) 

6x6 
12x12 
18x18 
24x24 
36x36 

 
Series II  
(No of Courses< No of Wales ) 

12x48 
12x36 
12x24 
18x36 
24x48 

 
Series III 
(No of Courses > No of Wales) 

48x24 
36x18 
36x12 
18x6 
48x12 

  

All knit samples were produced on Shima Seiki flatbed 
knitting machine with of gauge 10. SDS-ONE Knit Paint 
software was used to program each design. Yarn tension and 
stitch length used in the knitting process were kept constant. 
Fig. 2 shows a sample of pattern created using the software. 
The red colour shows front knit loops, and the green colour 
shows back knit loops. All the knitted fabric samples 
mentioned in Table 1 are shown in Fig. 4. 

 

 

 

 

 

B. Testing for Auxetic Effect 

 
After fabrication, the fabrics were tested to find the NPR 

values. The testing methods used in literature use different 
tensile testing equipment: Universal Tensile Tester [11], KES 
tensile Tester [7], Instron machine [12], etc. All these methods 
clamp the fabric to the machine at the edges of the length 
direction. When the edges are clamped to the device, it 
restricts the movements at the clamped position, directly 
affecting the fabric's transversal strain. Moreover, when the 
fabric is held vertically as in Universal Tensile Tester, gravity 
may cause unfolding of the foldable knitted structure. Because 
of that, the clamping method was changed and the fabric was 
kept horizontally in this study. The edges of the fabric were 
connected to two rods using metallic wires at the edges. The 
schematic diagram of the test method is shown in Fig. 3(a). 
When a load is applied to the rods, the fabric is easily 
expanded in the transverse direction due to the slippery nature 
between rods and metallic wires. This method minimized the 
movement restrictions caused by clamping.  

The number of samples prepared to test for the initial data 
set is fifteen. Before experimenting, samples were kept for 24 
hours to relax and remove residual forces at room temperature. 
As shown in Fig 3(b), an area in the middle of the fabric was 
selected to measure the auxetic effect to minimize the edge 
effects. The points are marked at two specific points, both in 
wale and course directions as suggested by Liu et al. [13] and 
Xu et al. [14]. The fabric was extended along the course 
direction since the auxetic effect only occurs in that direction.  

 

 

 

 

 

 

 

 

 

 The deformation of the fabrics under applied load was 
recorded using a digital camera with a 60-frame rate and 1080 
resolution. The videos were converted to image sequences 
using Image Sequence Generator to measure the length 
changes along with the marks. ImageJ software was used to 
measure the changes of dimensions in each image. The results 
were directly obtained in CSV format for easy calculating 
purposes. The following equations were used to calculate the 
axial strains in the course (εy) and wale (εx) directions. The 
distances between the marked points at original position and 
k th deformation step are denoted as x0, y0, and xk, yk. 
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Using the strain values (1) and (2), the Poisson's ratio was 
calculated. The relationship between strain values and 
Poisson's ratio is (3).   

                                    �	� � � 
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Fig.3. a) Sheme of the testing method b) Marked points on the fabric 

 
 

Fig.2. Pattern used to obtain zigzag foldable strucutre 
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The NPR values of all fifteen samples were measured. The 
NPR values vary with the strain. So, the graphs were plotted 
to identify the variations, and the highest NPR was obtained.   

III. RESULTS AND DISCUSSION 

 
The image analysis data were gathered into a spreadsheet. 

The Poisson's ratio and the strain in course direction were 
calculated, and graphs were plotted. The results had variations 
and inconsistencies due to the fabric's three-dimensional 
nature. During extension, the results changed slightly due to 
the shifting of pattern shapes. This is why the curves are 
bumpy and not smooth. Inconsistency in plot values is a 
common issue in Poisson's ratio calculations in auxetic 
textiles, which other researchers too have experienced [14]–
[16].   

Apart from the NPR values of each fabric, the structural 
parameters were also measured after relaxing the fabric to 
analyze the influencing parameters for auxetic fabrics. The 
measurements were shown in Table II. The structural 
parameters: a, b, and α are shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE II.  STRUCTURAL PARAMETERS MEASURED AT THE RELAXED 
STATE 

Series Fabric 

Specimen 

(Courses X 

Wales) 

Structural parameters measured at the 

relaxed state 

a mm b mm α 

 
 
I 

6x6 4 5 75 
12x12 7 11 70 
18x18 12 17 70 
24x24 15 21 70 
36x36 23 32 70 

 
 

II 

12x48 7 42 15 
12x36 7 32 20 
12x24 7 24 30 
18x36 10 32 30 
24x48 15 45 30 

 
 

III 

48x24 30 23 118 
36x18 24 17 125 
36x12 23 10 135 
18x6 11 5 135 

48x12 32 10 150 

 

A. Knit Loop Instability 

 
 

 

 

 

 

 

 

Auxetic behaviour of knit fabrics occurs due to the 
instability of single knit loops. Hence, it is necessary to 
understand the fundamentals of knit loop bending. When a 
weft knitted fabric was observed closely, a three-dimensional 

Fig.4. a) Repeat unit of 24x24 pattern b) 6x6 c) 12x12 d) 18x18 e) 24x24 f) 36x36 g) Repeat unit of 12x24 h) 12x48 i) 12x36 j) 12x24 k) 18x36 l) 24x48 m) 
Repeat unit of 48x24 n) 48x24 o) 36x18 p) 36x12 q) 18x6 r) 48x12 

Fig. 5. Structural parameters of a repeat unit of knit fabric at the fully 
extended position 

Fig. 6. Curling behaviour of single jersey fabric 



configuration can be observed due to the yarn's binding or 
inter-meshing zones and elasticity [17].   

As shown in Figure 6, this three-dimensional loop 
configuration can be projected on XY, YZ, and XZ planes. 
When a new loop is formed and drawn from the old one, we 
can observe a place where two yarn thicknesses exist. Hence, 
the new loop is held down from its head and feet by the loops 
in the same wale. However, the side limbs tend to curl 
upwards. The yarn's elastic property causes it to return to its 
original straight form. Because of that, a generation of reaction 
couples tends to straighten the bent form. The couple on XY 
plane changes the ratio of wale to course spacing. The couple 
on XZ plane deform the fabric along the wale lines. The 
couple on YZ plane deform the fabric along the courses. 
During knitting under tension, these forces are balanced by the 
opposite forces of the neighboring loops. But at the two side 
edges, the fabric tend to curl towards the back of the fabric and 
top and the bottom edges curl toward the front side. When the 
fabric is plain knitted this curling occurs only at the edges 
because in the middle of the fabric the forces are balanced. But 
the present experiment introduced front loops and back loops 
both in a one side. Because of that, the balancing of the fabric 
will be lost near the boundaries of front and back loops. This 
created unexpected three-dimensional structures possessing 
auxetic properties. 

B. NPR Behaviour of Series I Fabrics 

 Fig. 7 shows the NPR behavior of the Series I fabric 
samples, 6x6, 12x12, 18x18, 24x24 and 36x36 where number 
of courses equals to the wales. According to the graphs, every 
fabric sample showed a higher NPR value at the beginning of 
the extension. This occurs due to the opening of folded 
structures. Unlike in warp knitting, weft-knitted auxetic  
structures not only reproduce an existing geometrical structure 
but also possess a deformation mechanism called "opening of 
the foldable structure" [5].  

The fabrics allow to bend from hinges and spread out the 
nodules, which are essential for an auxetic behavior. The 

inherent curly configuration that exists in the knit loops 
creates a structural disequilibrium after relaxing and creates a 
3D structure. When a force is applied, the 3D structure 
unfolds, increasing the dimensions in both course and wale 
directions. The unfolding behavior of the 24x24 structure is 
shown in Fig. 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Series I fabric structures observed to have the best-folded 
behavior compared to others. Hence, have higher NPR values. 
Among these five fabric samples, 24x24 fabric had the best 
NPR value of -0.73. The highest NPR value for a foldable 
structure reported in literature was -0.715 for the fabric 
produced by Steffens et al. [11]. The repeat unit cell structure 
was 8x8. However, they have used para-aramid yarns and the 
loop lengths differ with the present study. Liu et al. [13] 
created a foldable structure with the maximum NPR value of 
-0.5 by using wool yarn on a 14-gauge machine. The repeat 
unit cell was 12x12 courses and wales. It is evident that there 
can be variations in auxetic behaviour with the gauge of the 
knitting machine, yarn type and the loop length. However in 
past studies, only few repeat units were used to explore the 
auxetic behaviours. Hence, the present study fill the gap by 
developing three series of structures having varied repeat unit.  

As shown in Table II, the produced knit structures had the 
exact angle of 70-75 degrees between two facets (angle α in 
Fig. 5). The initial opening angle is the angle that forms after 
the fabric is folded. This angle is shown as θ in Fig. 9. It also 
contributes to auxetic behavior. When the initial opening 
angle reduces, the fabric folds more. Hence it gives a higher 
NPR value. The initial opening angle of Series I fabric 
structures was around 90 degrees. Thus, the fabric expanded 
significantly in the lateral direction while unfolding, giving a 
high NPR effect.  

 

 

 

 

 

 

 

Fig. 8. Fabric 24x24 at different strain levels. Fully folded 
state to fully opened state 

Fig. 7. NPR values of series I fabrics 

Fig.9. Initial opening angle of 24x24 fabric 



However, when the size of the repeat unit increased, the 
fabric became less stable, and the folded structure got 
distorted easily. When the number of courses and wales 
increases, the repeat unit becomes larger. Because of that, the 
fabric folds only up to a certain level during the curling, and 
thereafter, the force will not be enough to keep the folded 
fabric in a perfect shape. This can be the reason for the less 
stableness in large repeat sizes such as 36x36. When the repeat 
unit size decrease (6x6), the folded effect reduced again 
because the repeat unit becomes small and knit loops get more 
compacted. Hence, there are not enough loops for the fabric to 
fold as they did in other larger repeat sizes. However, the 
fabric was much more stable than others.  

C. NPR Behaviour of Series II Fabrics 

 In the Series II samples, the number of courses in the 
repeat unit was less than the number of wales. The angle α of 
fabric samples was between 15-30 degrees. Initially, it was 
predicted that by reducing the angle between two facets, a 
higher auxetic effect could be obtained. Theoretically, it can 
reduce the initial opening angle and increase the thickness of 
the fabric, leading to a higher auxetic effect. However, the 
fabric did not fold as expected. Since the angle is too small, 
the fabric became bulky in the area shown in Fig. 11. 

Moreover, the increase in parameter 'b' (number of wales) 
also negatively affected auxetic behavior. These reasons 
interrupted the folding of the fabric by collapsing the 
structure. Fig. 10 shows the auxetic behavior of 12x24, 18x36, 
24x48, and 12x36 structures. It can be observed that Poisson's 
ratio stays closer to value zero for an extensive range of strain, 
ultimately becoming positive. However, these fabrics showed 
a higher auxetic effect at the beginning than the Series III 
fabrics. The reason for this is the shrinkage in the fabric in the 
traverse direction. An unexpected folding occurred in that 
direction giving an NPR to the fabric. When a force is applied 
to the fabric in the course direction, a sudden increase of 
length in transverse area occurred due to the unfolding of 
bulky areas. The highest NPR reported was -0.26 from 18x36 
structure. Both 18x36 and 12x36 fabrics had an increased 
thickness than other samples in this Series. 

 

 

 

 

 

 

 

 

D. NPR Behaviour of Series III Fabrics 

 
 

 

 

  

 

 

 

 In the Series III samples, the number of courses in the 
repeat unit was higher than the number of wales. The angle α 
of fabric samples in series III was between 118 - 150 degrees. 
Due to the increase in the angle between the two facets, the 
initial folded angle became higher (Fig. 13). Moreover, 
because of the reduced 'b' (number of wales), the thickness of 
the fabric is reduced. Due to these reasons, the fabric 
extension in the lateral direction is reduced. The auxetic 
behaviour of these fabrics can be observed in Fig 12. The 
maximum NPR obtained was -0.14 from 36x18 fabric. 
Compared to others, this fabric had a lower opening angle. 
Because of that, when the fabric is stretched, it opened the 
folded structure giving comparatively a high auxetic effect. 
When the number of wales increases more than 18, NPR value 
of the fabric decreases. For example, in 48x24, the repeat unit 
cell is much bigger, the pattern becomes unstable, and the 

Fig. 10. NPR values of series II fabrics 

Fig. 11. Collapsed structure of 24x48 repeat fabric 

Fig. 12. NPR values of series III fabrics 

Fig.13. Initial opening angle of 48x12 fabric 



forces are insufficient to keep the pattern folded. Hence, the 
course of the repeat for most suitable structures for auxetic 
applications  of Series III lie below 18. 

 Among the structures developed, 36x12, 18x6 and 48x12 
were very stable and can be directly used in areas where a thin 
cushioning effect is needed. These also can be applied to 
garments where periods of growth, such as maternity child 
development and have possibilities for promoting clothing 
longevity due to adaptability in sizing. 48x24 and 36x18 
fabrics are unstable compared to others. But they both have 
high NPR. Hence these can be used in creating composites 
where the fabric movement will be more controllable. 

 As illustrated in all the graphs, NPR is not constant. It 
varied with the strain applied. In the beginning, the fabric 
began unfolding and increasing in the lateral direction more 
rapidly. Hence, a higher NPR was recorded. However, after 
the fabric unfolded and became a plain 2D fabric, the NPR 
decreased, which reduced the auxetic effect. It is also observed 
that there has been an auxetic effect for a broad range of strains 
since a considerable strain is required to open the folded 
structure fully. The angle α of the fabrics in Series I is between 
70-75 degrees, Series II is 15-30 degrees, and Series III is 118-
150 degrees. This shows that the samples selected only fall 
into a few values, and the other angles were not used to 
develop the weft-knitted foldable structures. For future 
studies, it was suggested to use more angle variations to study 
the auxetic behaviour of those fabrics.  

The above study shows how the auxetic behaviour of weft-
knitted foldable structures changes according to the repeat unit  
size. However, the above analysis is insufficient to predict any 
fabric's auxetic behaviour. There have been only two attempts 
in the existing literature to create a simulation or a 
mathematical model to predict the auxetic behaviour of 
auxetic weft-knitted folded fabrics [9], [13]. Both create 
geometrical models considering the folded fabric as a 
homogenized material. However, after the development of the 
fabrics in this study, it was observed that at some repeat unit 
cells, the fabric's behavior was different to that of a solid 
structure. The foldable fabric was highly dependable with the 
loop structure. So, a statistical approach model is suggested to 
predict the auxetic effect of weft knitted fabrics.   

IV. CONCLUSION 

This study has attempted to fabricate auxetic weft knitted 
structures using a computerized flatbed knitting machine and 
evaluate the samples' auxetic behaviour. The effect of repeat 
unit size on the auxetic behaviour of weft knitted fabrics was 
observed. The results of this study showed that the 24x24 
repeat structure is the best auxetic structure designed. The 
structure obtained a Poisson's ratio of -0.73. A pattern in 
auxetic behaviour was observed according to the repeat unit 
sizes. When the number of courses in the repeat unit and the 
number of wales is the same (α in the range of 70 -75 degrees), 
the fabrics showed the best auxetic effect. However, too small 
or too large repeat sizes gave a less auxetic effect. When the 
number of courses is less than the number of wales (α in the 
range of 15 -30 degrees), auxetic behaviour decreases due to 
the fabric being unable to fold where two facets meet. 
However, an unexpected folding occurred in the transverse 
direction causing the fabric to have an NPR at the initial 
strains. When the number of courses is higher than the number 

of wales (α in the range of 118 -150 degrees), auxetic 
behaviour again decreased because of the higher opening 
angle.  

Therefore, the self-folded effect diminished in the samples 
where the angle between two facets was lower or higher. Only 
the mid-range angles gave the highest auxetic effect. Hence α 
was a key parameter for improving the auxetic response of 
weft-knitted folded fabrics. Moreover, course and wales in the 
repeat unit should also be considered, which will directly 
affect parameters' a' and 'b' in the fabric. 
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