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Abstract: The auxetic plied yarn is a novel type of yarn structure formed with two types of 

component yarns having different moduli. Although the effect of structural parameters on its negative 

Poisson’s ratio behavior has been investigated by both experimental and geometrical analyses, the 

influence of material properties including yarn tensile modulus and friction has not been studied yet. 

In this work, these two factors are further investigated via finite element simulation. The finite 

element model is first created by using commercial software ANSYS 15.0. Then, the simulation 

results are compared with the experimental and analytical data. Finally, the effects of the tilt angle of 

stiff yarn, yarn friction and tensile modulus are discussed. It is expected that the outcomes of this 

work would be useful to guide the design and fabrication of this type of auxetic yarn structure.   
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1. Introduction

The auxetic materials1, which are contrary to most of the conventional materials, have a negative 

Poisson’s ratio. Due to their particular internal structure, they become thicker when stretched or vice 

versa.  

The auxetic materials rang from the nanoscale to the macroscale and involve different types of 

materials such as metals2, ceramics3, polymers4, 5, textiles6-8, composites9, etc. Owing to their unusual 

deformation behavior, the auxetic materials can achieve a number of significant superb mechanical 

properties, such as enhanced indentation resistance, improved fracture strength, high vibration 

damping behavior and formation of synaclastic curvature under out-of-plane bending. In the past 

three decades, lots of efforts have been made on their fabrication6, 10-12, characterization13-16 and 
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applications 1, 17-19. The research works on auxetic materials have been reviewed by Lim20, Alderson 

10, Liu 5, Ma 8, Mir 21 and Lakes22. 

This study focuses on the finite element simulation of an auxetic plied yarn structure. Based on our 

knowledge, the research on the auxetic plied yarn is still very limited. Up to now, most of publications 

are related to the helical yarn structure 23-30. The helical yarn structure was firstly proposed by Evans 

in 2008. It is formed with two yarn elements, a core yarn and a wrap yarn. While the core yarn with 

higher elasticity is kept straight at the initial state, the wrap yarn with higher tensile modulus is 

helically wound on it. Due to the significant difference in modulus, the core yarn becomes a helical 

form under the uniaxial stretching strain. When the diameter of the core yarn is much larger than that 

of the wrap yarn, the effective diameter of the helical yarn will get increased with increasing the 

uniaxial stretching strain, resulting in an achievement of negative Poisson’s ratio. The experimental 

and numerical studies have shown that the initial helical angle 23 and diameter of the wrap yarn25, 26, 

the diameter and tensile modulus of the core yarn are important factors to affect the negative 

Poisson’s ratio behavior of the helical yarn structure. Particularly, the influence of the helical angle of 

the wrap yarn is much more significant than others23, and the maximum negative Poisson’s ratio 

effect of the helical yarn structure can be increased with decreasing the helical angle of the wrap yarn. 

According to McAfee J and Faisal NH23, the maximum negative Poisson’s ratio can reach -12.04 

when the helical angle is decreased to 7 degree. It was also found that the Poisson’s ratio of the wrap 

yarn has a slight influence on the negative Poisson’s ratio behavior of the helical auxetic yarn. It 

should be noted that although the fabrication of the auxetic helical yarn is simple, the helical angle of 

the wrap yarn can vary throughout the whole helical yarn as the slippage of the wrap yarn easily 

occurs on the surface of the core yarn. Especially, this uneven state can take place after repeated 
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extension, which severely impedes the application of the helical yarn. To solve this problem, an 

appropriate layer of sheath was proposed to enclose the helical yarn24. This not only facilitates the 

fabrication, but also enlarges the application of the helical yarn. 

The auxetic plied yarn is another type of auxetic yarn structure in which two stiff yarns with higher 

modulus and two soft yarns with lower modulus are alternatively arranged and twisted together. Ge et 

al.12 first conducted an experimental investigation on this type of yarn structure and found that its 

negative Poisson’s ratio effect first increased and then decreased with the applied tensile strain. A 

later experimental study by Ng et al. further confirmed this variation trend 31. In order to theoretically 

predict the deformation behavior of the auxetic plied yarn structure, Ge et al. also performed a 

geometrical analysis12. Although their analysis could provide the precise prediction of Poisson’s ratio 

at higher tensile strain, the predicted trend at the initial tensile strain is opposite to that of the 

experiment. To reduce this disagreement, an improved geometrical model by introducing a tilted 

angle of the stiff yarn at the initial state was proposed by Zeng et al.32 The new model could well 

predict the variation trend of the deformation behavior of the auxetic plied yarn structure. Although 

the effects of various structural parameters including the helical angle, the diameter and the Poisson’s 

ratio of the component yarns have been systematically investigated in these geometrical analyses, the 

influence of the component yarn’s material properties including tensile modulus and friction effect 

could not be included in the geometrical analysis. In this work, these two factors will be further 

investigated by the finite element simulation by using the commercial software ANSYS 15.0. 

2. Geometry of auxetic plied yarn structure 

An ideal auxetic plied yarn structure is schematically shown in Fig.1a. It is constructed by two types 

of component yarns which are helically twisted together. The one is called soft yarn, because its 
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tensile modulus is smaller than the other one. Hence, the other one is named as stiff yarn. As shown in 

Fig. 1b, each stiff yarn closely contacts two neighboring soft yarns at the initial state. Fig. 1c shows 

one turn of the yarn structure. The parameters which were used to characterize the geometry of the 

auxetic yarn structure in 32 are also shown in Fig.1b and 1c, respectively. They are diameter D and 

helical angle θD of the soft yarn, diameter d and helical angle θd of the stiff yarn, effective diameter H 

and length per turn L of the plied yarn, coordinate locations yD and xd of the soft yarn and stiff yarn, 

respectively. In fact, these structural parameters are not completely independent. In this work, 

diameters D and d of the soft and stiff yarns, helical angle θD of the soft yarn and length L of the plied 

yarn in one turn are selected as independent structural parameters. 

 

(a) 

   

(b)                                       (c) 

Figure 1. Schematic illustration of an ideal auxetic plied yarn structure: (a) 3D view; (b) cross 

sectional view; (c) one turn of the yarn structure. Note: the geometrical parameters shown in (b) and 

(c) are the same as shown in32. 

3. Creation of finite element model 

Stiff yarn Soft yarn 
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Before the creation of the finite element model, the following assumptions are firstly made to 

facilitate the simulation according to the experimental observations. 

1) The cross sections of both the soft and stiff yarns are in perfect circle form. 

2) The soft and stiff yarns are isotropic materials. 

3) The two soft yarns closely contact each other at the initial state. 

4) The stretching process of the auxetic plied yarn structure under uniaxial extension are divided into 

two stages by critical strain εc at which the two stiff yarns just get contacted to each other at the center 

of the auxetic plied yarn.  

5) The twist of the auxetic plied yarn structure is uniform and one turn of the yarn can represent the 

deformation behavior of the whole plied yarn structure. Therefore, the finite element model is only 

created for one turn of the yarn structure to save the time of the calculation. 

6) Each stiff yarn has contact with only a single soft yarn at the initial state due to de-twisting trend of 

the yarn in a real auxetic plied yarn structure and its initial position is determined by a tilt angle T as 

shown in Fig. 2. The structure shown in Fig. 1b is only an ideal case when T = 0.  
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Figure 2. The cross section of a real auxetic plied yarn at the initial state 

 

Based on these assumptions, the finite element models were created using commercial software 

ANSYS 15.0. The geometrical parameters listed in Table 131 were first used to create the control 

model without the consideration of friction between the stiff yarn and soft yarn. The material 

properties of the component yarns used are listed in Table 2. The three-dimensional (3D) structural 

element SOLID185 was used to create both the soft and stiff yarns with their own mechanical 

properties. A 3D contact pair is composed by TARGE170 and CONTA173 to represent contact and 

sliding between the soft and stiff yarns. As shown in Fig. 3, the finite element model for one turn of 

the auxetic plied yarn was created using the bottom-up direct generation method. A helical path on 

the surface of one soft yarn was firstly created with given helical angle θD0 and length per turn L0 at 

the initial state as shown in Fig. 3a. Then, one soft yarn was created with given diameter D0 at the 

initial state via a cylindrical coordinate system as shown in Fig. 3b. Next, the other soft yarn was 

created by generation operation using the first soft yarn. In the same way, two stiff yarns were created 

with given diameter d0 and tilt angle of the stiff yarn T after the working plane’s X-Y coordinate 

system had been rotated 45o. Until here, the geometrical model of one turn of the plied yarn structure 

was created as displayed in Fig. 3c. After the geometric model had been created, the cross sections of 

yarns were defined as the source mesh to sweep the yarns to create the finite element model as shown 

in Fig. 3d. As shown in Fig. 3e, in total there are five contact pairs: one is for the contact between two 

stiff yarns and the rest four contact pairs for the contacts between the soft yarns and their adjacent stiff 

yarns. 

Table 1. The geometrical parameters31 at the initial state used for the theoretical calculation and finite 
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element simulation 

Auxetic plied 

yarn 
Stiff yarn Soft yarn 

Length per turn 

L0 (mm) 
Diameter d0 (mm) Diameter D0 (mm) Helical angle θD0 (

o) 

19.60 0.77 2.18 19.26 

Note: the tilt angle of the stiff yarn T is 2.91o and subscript 0 is the indication of the initial state. 

As for the boundary condition, the symmetry boundary condition was applied to one end of the plied 

yarn structure and the displacement load was imposed to the other end of the plied yarn. Then, the 

large-deflection effects were turned on and the updated Newton-Raphson method was used to 

accelerate the solution convergence. 

Table 2. The mechanical properties of the component yarns used for finite element simulation 

Soft yarn Stiff yarn 

E (MPa) υ μ E (MPa) υ μ 

13 0.15 0 1300 0.15 0 

Note: E is the tensile modulus, υ is the Poisson’s ratio and μ is the friction coefficient. 

 

 

 

(a) (b) 

 

 

 

 

(c) (d) 

                

Stiff yarn(cyan) to stiff yarn(pink)                   Soft yarn(cyan) to stiff yarn(pink)        
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(e) 

Figure 3. The creation process of the finite element model: (a) one helical path on the surface of one 

soft yarn; (b) one soft yarn; (c) the plied yarn geometrical model; (d) the finite element model; (e) the 

contact pairs. 

4. Results and discussion 

4.1 Comparison with experimental and geometrical analyses 

As shown in Fig. 4, the final element simulation results obtained from the finite element model are 

compared with the experimental results from Ng et al. work 31 and the geometrical analysis from the 

tilted angle model 32 using the same parameters values listed in Table 1 and Table 2. Obviously, the 

variation trend of Poisson’s ratio with the applied tensile strain from the finite element simulation is 

similar to the experimental 31 and theoretical one32. Especially, the values of Poisson’s ratio obtained 

from the simulation and the geometrical analysis are nearly the same when the applied tensile strain is 

larger than the critical strain. However, as the friction effect between the soft and stiff yarns was not 

taken into the consideration, the negative Poisson’s ratio effect is overestimated by both the finite 

element simulation and the geometrical analysis compared to the experimental data. In addition, the 

maximum negative Poisson’s ratio effect by the finite element simulation is higher than that of the 

geometrical analysis. This difference could be explained by faster reaching of the stiff yarns from 

their initial position to the center of the plied yarn structure at a lower tensile strain due to ignorance 

of friction.  
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 Geometrical analysis from the tilted angle model
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Figure 4. A comparison of the Poisson’s ratio as a function of applied tension strain among the 

experiment 31, the finite element simulation and the geometrical analysis based on the tilted angle 

model 32. 

4.2 The effect of tilt angle of the stiff yarn 

To systematically study the effect of the tilted angle of the stiff yarn on the negative Poisson’s ratio 

behavior of the auxetic plied yarn structure, the tilted angle of the stiff yarn was varied from 0 to 2.9ο. 

This range of the tilted angle was selected according to the experimental observation. The simulation 

results together with the experimental data are shown in Fig. 5. Here, the finite element model with a 

tilt angle of zero (T = 0) is considered as an ideal case of the auxetic yarn structure and this case has 

been geometrically investigated by Ge et al.12 The variation trend of Poisson’s ratio with applied 

tensile strain obtained by the finite element simulation is the same as calculated by Ge’s analysis 12 

for this ideal case. Fig. 5 clearly shows that the tilt angle of the stiff yarn has a significant influence on 

the deformation behavior of the auxetic plied yarn structure at the first stage of the extension process 
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and the change of the value of T from 0 to a positive value can lead to the change of the variation 

trends of Poisson’s ratio from a monotonic mode to a parabolic form. In addition, a difference is 

found between the finite element simulation and the geometrical analysis when the value of T is not 

zero. According to the geometrical analysis 32, the influence of the tilt angle with different positive 

values is not evident. This difference could be explained by the fact that the yarn material properties 

can be included in the finite element simulation, but cannot be included in the geometrical analysis.  
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Figure 5. The effect of tilt angle (T) on the negative Poisson’s ratio behavior of the plied yarn 

structure. For comparison, the experimental results are also presented. 

4.3 The effect of friction 

To save the time of the calculation, the effect of friction between the stiff yarn and soft yarn was not 

taken into the consideration in the above simulations. In fact, the friction between the yarns is an 

important factor which can have an obvious influence on the negative Poisson’s ratio behavior of the 
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plied yarn structure. To analyze the effect of friction, the finite element model when T = 0 was used to 

simulate the negative Poison’s ratio behavior of the plied yarn structure. The simulation results with 

different values of friction coefficient μ are shown in Fig. 6. It can be seen that the negative Poisson’s 

ratio effect is reduced when the friction coefficient is increased from 0 to 0.01. Luckily, the negative 

Poisson’s ratio effect is found the same for μ=0.01 and μ=0.05. In fact, the friction coefficient 

between the yarns could be between 0 and 1. Hence, to obtain better negative Poisson’s ratio effect, 

the friction coefficient should be minimized as possible.  
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Figure 6. The effect of friction on the negative Poisson’s ratio behavior of the plied yarn structure. 

4.4 The effect of tensile modululi of component yarns 

In order to study the effect of the tensile moduli of both the soft yarn and stiff yarn on the negative 

Poisson’s ratio behavior of the auxetic plied yarn structure, a moduli ratio E* defined by Eq.1 was 

firstly introduced. 
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* stiff

soft

E
E

E
                                           (1) 

Where Estiff and Esoft are the tensile moduli of the stiff yarn and soft yarn, respectively. To analyze the 

effect of E*, the finite element model when T = 0 was used to simulate the negative Poison’s ratio 

behavior of the plied yarn structure by keeping the modulus of the soft yarn unchanged. The 

simulation results with different values of E* for a tensile strain of 0.03 are shown in Fig. 7. It can be 

seen that the negative Poisson’s ratio effect of the auxetic plied yarn is increased with increasing E*. 

Hence, selecting a stiff yarn with a high modulus is an effective way to obtain an auxetic plied yarn 

with a significant negative Poisson’s ratio effect. 
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Figure 7. Poisson’s ratio as a function of moduli ratio E* for a given tensile strain of 0.03 

5. Conclusions 

The finite element models with different material properties and tilt angles of the stiff yarn at the 

initial state were created and used to simulate the negative Poisson’s ratio behavior of the auxetic 
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plied yarn structure. The simulation results were compared with the experimental and geometrical 

analyses. The effects of yarn material properties including the modulus and friction were discussed. 

Based on the simulation results, the following conclusions can be drawn to guide the design and 

fabrication of the auxetic plied yarns. 

1) The deformation behavior of the auxetic plied yarn structure in the initial stage of the extension 

process is significant affected by the tilt of the stiff yarn at the initial state. To obtain a more uniform, 

the more stable plied yarn structure should be produced to avoid the de-twisting trend of the stiff 

yarns at the initial state.  

2) The friction between the component yarns can reduce the negative Poisson’s ratio effect of the 

auxetic plied yarn structure. To produce a plied yarn with more significant negative Poisson’s ratio 

effect, smoother component yarns with reduced friction coefficient should be used. 

3) The moduli of component yarns have a significant effect on the negative Poisson’s ratio effect of 

the auxetic plied yarn structure. To produce a plied yarn with more significant negative Poisson’s 

ratio effect, stiff yarn with high modulus should be used. 
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