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Abstract
In the present research, a physical-geometric-feature of continuous yarn in a plain woven 
fabric was created and its FE model was analysed by considering the two key issues of woven 
fabric, the crimp and inter-yarn friction. The basic parameters of Young’s modulus of single 
yarn and the inter-yarn friction coefficient were investigated for practical fabrics in tensile 
and pull-out tests. FE analysis indicated that the stress-strain curves of the FE model were 
effective in evaluating the equivalent modulus of a woven fabric by comparing with a tensile 
experiment on Twaron CT® Plain Woven Fabric. In addition, a simplified three dimensional 
model of the unit cell of plain woven fabric (UCPW) was employed to quantitively investigate 
two important fabric characteristics – the crimp rate of the yarn and inter-yarn friction-to 
determine their influence on the mechanical properties of the fabrics. Furthermore, we used 
FE analysis to evaluate how the crimp rate and inter-yarn friction affected the mechanical 
properties by determining the equivalent modulus of single yarn and UCPW in both uniaxial 
and biaxial tensile loading. The stresses at representative nodal points and the mechanical 
interaction between yarns were also investigated from a microscopic perspective, and their 
deformation mechanisms were also analysed and discussed. 

Key words: finite element analysis (FEA), unit cell of plain woven fabric (UCPW), tensile 
test, equivalent modulus, crimp, inter-yarn friction.
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tile reinforcements; the model simulated 
combinations of compaction and in-plane 
shear loading to represent important in-
teractions. Kollegal and Sridharan [6] 
investigated the mechanical behaviour 
of plain weave fabric composites under 
in-plane loading using 3-D finite element 
analysis in conjunction with a micro-me-
chanical model. Other related published 
works [7-12] are also concerned with the 
various tensile behaviours of woven fab-
ric under different kinds of loading.

Furthermore, the physical properties of 
woven fabrics – including the crimp rate 
and inter-yarn or even inter-fibre friction 
– have a significant influence on their 
mechanical performance. Tan et al. [13] 
and Wang et al. [14] demonstrated the 
influence of the crimp rate on the ballis-
tic properties of woven fabrics. Brough-
ton et al. [15] investigated the effect of 
inter-fibre friction on the tensile proper-
ties of yarns, and demonstrated that inter-
fibre friction can be the dominant factor 
in determining the tensile properties of 
a ring-spun staple yarn. Wang et al. [16] 
studied the effect of inter-fibre friction on 
fibre damage propagation and the ballis-
tic limit of 2-D woven fabrics. Chu et al. 
[17] showed that greater inter-yarn fric-
tion leads to less slippage of the primary 
yarns at the centre of impact, and pro-
longs the failure of primary yarns.

Numerous papers have been published 
on the experimental and numerical sim-

 Introduction
Woven fabrics are currently the most of-
ten used in clothing, industrial textiles, 
and even composite manufacture. There-
fore, there is a great deal of interest in the 
prediction of their behavior [1]. The elas-
tic modulus is one of the most important 
mechanical properties, and is a measure 
of a material’s resistance to elastic de-
formation. Besides this, finite element 
analysis (FEA) has frequently been used 
to simulate and simplify engineering 
problems. As a result several researchers 
have used this technique to study elastic 
tensile properties. Tehrami et al. [2] in-
vestigated the tensile behaviour of woven 
fabrics with various weave patterns using 
FEA. Lin [3] attempted to predict elastic 
properties to determine the tensile dam-
age behaviour of a woven fabric. Chen et 
al. [4] investigated the tensile behaviour 
of PVC-coated woven membrane materi-
als under uniaxial and biaxial loads. Lin 
et al. [5] used a modelling approach to 
study the mechanical behaviour of tex-

ulation of the tensile or other mechani-
cal properties of fabrics, as well as on 
the influence of the physical properties 
of woven fabrics such as the crimp rate 
and inter-yarn friction. However, there 
are few reports on the determination of 
the equivalent modulus (note: equiva-
lent modulus in the present study refers 
to the real performed tensile modulus of 
fabric as differentiated from the mate-
rial’s original modulus) of woven fabric 
during tensile loading to investigate how 
the crimp or inter-yarn friction affects 
its mechanical properties. Therefore, in 
the present study, a physical-geometric-
feature-based continuous yarn in a plain 
woven fabric was created and its FE 
model analyzed by considering the two 
key issues of a woven fabric – the crimp 
and inter-yarn friction. The basic pa-
rameters of Young’s modulus of single 
yarn and the inter-yarn friction coef-
ficient were investigated for practical 
fabrics in tensile and pull-out tests. FE 
analysis indicated that the stress-strain 
curves of the FE model were effective 
in evaluating the equivalent modulus of 
a woven fabric by comparing with a ten-
sile experiment on Twaron CT® Plain 
Woven Fabric. Furthermore, we used 
FE analysis to evaluate how the crimp 
rate and inter-yarn friction affected the 
mechanical properties by determining 
the equivalent modulus of single yarn 
and the unit cell of plain woven fabric 
(UCPW) in both uniaxial and biaxial 
tensile loading.
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cross-section of the warp and weft yarns 
of the fabric was lenticular in shape and 
consisted of two identical arcs facing 
each other. In the geometrical model, 
the cross-section of the yarn remains 
constant along its length, and the path 
of the yarn is a curve that represents the 
yarn waviness through the yarns in the 
other direction. Cross-sectional views of 
the yarn and fabric model are provided 
in Figures 1.a and 1.b. All geometrical 
parameters can be calculated using the 
following expressions [18]:

L = 2/thread density,    (1)

b = fabric thickness/4,    (2)

a = (2bR1 – b2)1/2 = L/4,   (3)

R2 = (a2 + b2)/2b,     (4)

R1 = R2 – b.     (5)

Where, L is the wavelength of the yarn 
path, R1 the radius of the arc for the yarn 
cross-section, R2 the radius of the arc for 
the yarn path, and a and b are half of the 
width and half of the height of the yarn 
cross-section, respectively. Figure 1.c 
shows the geometry model of Twaron 
CT® woven fabric, and Table 1 the physi-
cal parameters.

Basic mechanical properties  
of Twaron CT®

In this research, an orthotropic linear-
elastic material model was employed. 
The mechanical properties of Twaron 
CT® are shown in Table 2. E11

 was ob-
tained by a tensile test of single yarn of 
Twaron CT®; the tensile result can be 
seen in Figure 2. The tensile strength 
(TS) was also calculated as 2.764 GPa. 
E22, E33, G12, G13 and G23 were calibrated 
by taking suggestions from the model by 
S. Gogineni et al. [19] and C.T. Lim et 

Figure 1. a) Cross-sectional view of the yarn, b) comparison of the cross-sectional view of the Twaron CT® fabric and geometry model,  
c) model of Twaron CT® woven fabric. 

Table 1. Physical parameters of Twaron CT®.

Fabric type Thread density, 
per cm

Areal density, 
g/m2

Cross-sectional 
area of yarn, cm2

Thickness,  
mm

Twaron CT 11 120 3.82 × 10-4 0.2

Figure 2. Tensile experiment results of a single yarn of Twaron CT®.

Table 2. Orthotropic linear-elastic material parameters of a single yarn of Twaron CT® (GPa).

E11 E22 E33 G12 G13 G23 V1 V2 V3 TS
72.63 1.13 1.13 1.04 1.04 1.04 0 0 0 2.764

a) b) c)

 
                         (c) 

Fig. 1. (a) Cross-sectional view of the yarn, (b) comparison of the cross-sectional view of the Twaron CT® fabric and geometry model, (c) model of 

Twaron CT®  woven fabric  

Table 1. Physical parameters of Twaron CT® 

Fabric type Thread density(per cm) Areal density(g/m2) Cross-sectional area of yarn(cm2) Thickness(mm) 

Twaron CT 11 120 3.82×10-4 0.2 

 

Where, L is the wavelength of the yarn path, R1  the radius of the arc for the yarn cross-section, R2  the radius of the arc for the 

yarn path, and a and b are half of the width and half of the height of the yarn cross-section, respectively. Fig. 1(c) shows the 

geometry model of Twaron CT® woven fabric, and Table 1  the physical parameters. 

 

2.2 Basic mechanical properties of Twaron CT® 

In this research, an orthotropic linear-elastic material model was employed. The mechanical properties of Twaron CT® are shown in 

Table 2. E11was obtained by a tensile test of single yarn of Twaron CT®; the tensile result can be seen in Fig .2. The tensile strength 

(TS) was also calculated as 2.764Gpa. E22, E33, G12, G13 and G23 were calibrated by taking suggestions from the model by S. 

Gogineni et al. [19] and C.T. Lim et al. [20]. Many studies have  proved that Poisson’s ratios (V12, V23, V13) should be zero and the 

transverse Young’s modulus (E2, E3) and shear modulus (G12, G13, G23) should be very small with respect to the longitudinal 

Young’s modulus E1 to reproduce the thread behaviour of the yarn[21]，  

 

Fig. 2. Tensile experiment results of a single yarn of Twaron CT® 

Table 2. Orthotropic linear-elastic material parameters of a single yarn of Twaron CT® (GPa) 

E11 E22 E33 G12 G13 G23 V1 V2 V3 TS 

72.63 1.13 1.13 1.04 1.04 1.04 0 0 0 2.764 

2.3 Inter-yarn friction coefficient of Twaron CT® 

Inter-yarn friction has been shown to have a significant effect in determining a fabric’s mechanical properties; it is also an 

indispensable parameter in mechanical behaviour simulation. An inter-yarn friction coefficient obtaining method of comparing 

experiment and simulation results was used in  [22]. 
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 Model and mechanical 
parameters of Twaron CT® 
plain weave fabric

Geometry modelling of Twaron CT® 

plain weave fabric
Plain-woven Twaron CT®, a high per-
formance fabric of light weight and high 
protection application, made by TEIJIN, 
was employed in this study. This fabric 
is manufactured using a plain weave of 
11 × 11 yarns (per cm2), with each yarn 
consisting of 500 filaments. The bulk 
density and linear density are 1.44 g/cm3 
and 550 dtex, respectively. The cross-
sectional area of each yarn was calcu-

lated as 3.82 × 10-4 cm2 by dividing the 
linear density of the material by its bulk 
density. We created a fabric model in 
SolidWorks®, then turned to Ansys® to 
simulate and analyse the tensile process. 
The fabric model was created at the yarn 
level. We implemented the plain weave 
fabric model in the present study – which 
takes into account two geometrical as-
pects, i.e, the cross-sectional shape and 
path of the yarn – to describe the yarn 
geometry. Based on a photo of the mi-
cro-structural cross-section of Twaron 
CT® taken by a Yashima® digital mi-
croscope YDU-3S, shown in the upper 
part of Figure 1.b, we assumed that the 
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Firstly, a yarn pull-out test was carried out using a uniaxial tensile test machine (TENSILON®RTF-2350), where  individual yarn 

from  Twaron CT® was pulled out with velocity of 0.1mm/min, which was repeated eight times. The effective dimension of the 

fabric was 70 mm length and 50 mm width. The shear deformation and transverse tension were minimised using a special grip 

consisting of two U-shaped metallic plates, shown in Fig.3(a). 

In addition, simulation was also carried out. Considering the computing cost, a smaller fabric model of Twaron CT® woven fabric 

with 3 yarns*11 yarns was created and used to simulate the pull-out process. The displacement of the two short-yarn sides was 

constrained in all the edges but allowing the spin. The contact between  warp and weft yarns was defined as frictional. Fig.3. (b) 

shows the simulation process. In order to examine the effects of the friction, 4 different frictional coefficient (FC) cases were 

modeled in the test, respectively (FC = 0.1, 0.2, 0.3, 0.4). Numerical simulation results were compared to experimental yarn 

pull-out curves. Linear regression relation equations for the 1st-4th peak force ( five peaks in total，more details in Fig.4) the FC 

finalised (the 5th peak was neglected because the error was positive when the experiment test reached the fabric’s edge), and the 

inter-yarn friction coefficientμwas finalised as 0.3 by averaging the results of  each peak. Table.3 shows linear regression 

relation equations of the peak force and frictional coefficient. 

                                

                  (a)                                                (b) 

Fig.3. Pull-out of Twaron CT® woven fabric: (a) experiment process, (b)simulation process 

-

 
Fig.4. Comparison of simulation results and experimental result of single yarn pull-out from Twaron CT® 

Table 3. Linear regression relation equations of the peak force and frictional coefficient for the 1st -4th peaks  

 
Linear regression relation 

equation 
R2 Peak Force(N) μ 

1st peak F= 0.542μ+ 0.0705 0.9955 0.291 0.275 

2nd peak F = 0.432μ+ 0.05 0.9918 0.226 0.289 

al. [20]. Many studies have proved that 
Poisson’s ratios (V12, V23, V13) should be 
zero and the transverse Young’s modulus 
(E2, E3) and shear modulus (G12, G13, 
G23) should be very small with respect 
to the longitudinal Young’s modulus E1 
to reproduce the thread behaviour of the 
yarn [21]. 

Inter-yarn friction coefficient of 
Twaron CT®

Inter-yarn friction has been shown to 
have a significant effect in determining 
a fabric’s mechanical properties; it is also 
an indispensable parameter in mechani-
cal behaviour simulation. An inter-yarn 
friction coefficient obtaining method of 
comparing experiment and simulation 
results was used in [22].

Firstly, a yarn pull-out test was carried 
out using a uniaxial tensile test machine 
(TENSILON®RTF-2350), where indi-
vidual yarn from Twaron CT® was pulled 
out with velocity of 0.1mm/min, which 
was repeated eight times. The effec-
tive dimension of the fabric was 70 mm 
length and 50 mm width. The shear de-
formation and transverse tension were 
minimised using a special grip consisting 
of two U-shaped metallic plates, shown 
in Figure 3.a.

In addition, simulation was also carried 
out. Considering the computing cost, 
a smaller fabric model of Twaron CT® 
woven fabric with 3 yarns × 11 yarns was 
created and used to simulate the pull-out 
process. The displacement of the two 
short-yarn sides was constrained in all 
the edges but allowing the spin. The con-
tact between warp and weft yarns was 
defined as frictional. Figure 3.b shows 
the simulation process. In order to ex-
amine the effects of the friction, 4 dif-
ferent frictional coefficient (FC) cases 
were modeled in the test, respectively 
(FC = 0.1, 0.2, 0.3, 0.4). Numerical sim-
ulation results were compared to experi-
mental yarn pull-out curves. Linear re-
gression relation equations for the 1st-4th  
peak force ( five peaks in total, more de-
tails in Figure 4) the FC finalised (the 
5th peak was neglected because the error 
was positive when the experiment test 
reached the fabric’s edge), and the inter-
yarn friction coefficient μ was finalised 
as 0.3 by averaging the results of each 
peak. Table 3 shows linear regression 
relation equations of the peak force and 
frictional coefficient.

Figure 3. Pull-out of Twaron CT® woven fabric: a) experiment process, b) simulation process.

Table 3. Linear regression relation equations of the peak force and frictional coefficient for 
the 1st-4th peaks.

Linear regression rela-
tion equation R2 Peak force, N μ

1st peak F= 0.542μ+ 0.0705 0.9955 0.291 0.275
2nd peak F = 0.432μ+ 0.05 0.9918 0.226 0.289
3rd peak F = 0.32μ+ 0.0355 0.9905 0.177 0.318
4th peak F = 0.256μ+ 0.012 0.9893 0.123 0.334

a) b)

Figure 4. Comparison of simulation results and experimental result of single yarn pull-out 
from Twaron CT®.
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 Tensile simulation and 
experimental verification

Tensile simulation of Twaron CT® was 
carried out accordingly. The mechani-
cal parameters and inter-yarn frictional 
coefficient obtained above were applied 
to the model. The stress-strain curve 
during the tensile process is depicted as 
a red dash line in Figure 5, and Young’s 
modulus of the fabric, Es, was calculated 
as 71.35 GPa when the frictional coeffi-
cient was designated to be 0.3. Moreover, 
a friction coefficient of 0 was also taken 

into consideration. The stress-strain 
curve is depicted as a grey dash line in 
Figure 5. It can obviously be established 
that the frictional coefficient has an influ-
ence on the tensile result, which will be 
discussed thoroughly in the following 
content.

In order to validate the effectiveness of 
the model and simulation process, a ten-
sile test of practical Twaron CT® was 
carried out. A quasi-static tensile test was 
done on a 20KN INSTRON machine 
with a cross-head speed of 1 mm/min.  

Experiment
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The effective zone of the samples 
were designated as 2 cm × 10 cm 
(22 yarns × 110 yarns). Firstly, the sam-
ples were cut into oversized ones using 
special aramid-use scissors, 8 replicates 
with the length along the warp direc-
tion, then extra yarns along the samples’ 
length were removed from both sides in 
order to ensure that edge defects are mi-
nimised and that there is no slip of loaded 
yarns during the test. Besides this, high-
strength epoxy was glued to the ends of 
the test specimen in order to prevent slip-
page. A thin aluminum clamp were used 
for the fixture of the test samples. High 
resolution photos taken by a camera 
showed negligible slip between the sam-
ples and grips, and no pullout of yarns.

A typical stress-strain curve under uni-
axial tension was also depicted. As we 
had what we considered was the tensile 
property before the fabric’s failure, we 
stopped the tensile experiment before 
the fabric’s complete failure. The curve 
can be divided into 3 regions: the crimp 
region, linear pre-peak region and 
post-peak region. In the crimp region, 
the stress increases slowly due to the 
straightening of the undulated yarns in 
the loading direction with limited yarn 
stretching. The maximum strain in the 
crimp region is only 0.0078, which is 
negligible when compared with the strain 
at failure. As the strain increases, the fab-
ric exhibits a linear response before fail-
ure. The Young’s modulus of the fabric is 
defined by the slope of the stress–strain 
curve in this region. And the average 
Young’s modulus of the Twaron CT® was 
calculated as Ee = 73.18GPa. 

A comparison of the tensile stress-strain 
curve between the experiment and simu-
lation can been seen in Figure 5, where 
the results estimated with a frictional co-
efficient of 0.3 show great similarity with 
the experiment results, and the Young’s 
modulus estimated by simulation is ap-

proximately 2.5% smaller than the exper-
iment result. As a result, we can conclude 
that the model used in the simulation can 
generally reflect the tensile property of 
real fabric; the model and simulation are 
proved to be effective.

 Investigation of the influence 
of crimp and inter-yarn friction 
on the mechanical properties 
of plain weave fabric

As we know, different types of fabrics 
have different crimp and inter-yarn fric-
tion coefficients, even ones made of the 
same material. It is difficult to qualita-
tively judge their influence on mechani-
cal properties through real material ex-
periments, respectively, whereas FEA 
can help to deal with these problems due 
to its powerful parameterisation solution 
ability. Firstly, five fabric models with 
the same thickness (0.2 mm) but with dif-
ferent crimp rates were created for FEM 
analysis. The crimp rate of a woven fab-
ric can be calculated using Equation (6):

Crimp = 

It is difficult to qualitatively judge their influence  on mechanical properties through real material experiments ,respectively,

whereas FEA can help to deal with these problems due to its powerful parameterisation solution ability. Firstly, five fabric models 

with the same thickness (0.2mm) but with different crimp rates were created for FEM analysis. The crimp rate of a woven fabric 

can be calculated using Eq. (6): 

Crimp=     
 

            %,                                                                      (6) 

Where,  is half of the central angle (in degrees) of the arc forming the shape of the yarn cross-section.   and L can be seen in 

Fig.1.Structural details of these models are listed in Table 4. 

Table 4. Structural details of fabrics used in finite element (FE) analysis 

Model Thread density (1/cm) crimp (%)

1 8.6 1.167

2 10.2 1.986

3 11 2.329

4 11.7 3.341

5 12.5 4.658

In addition, the present model employed in the test still cost a lot calculation time, as a result of which, a unit cell of plain woven 

(UCPW) was proposed (see Fig.6) to improve the calculation effectiveness. Tensile simulation results showed there was no 

difference in the results of the fabric’s Young’s modulus between the model employed above and the unit cell model, which  

applied an extra circulated boundary condition in the simulation process [23]. This kind of UCPW model was employed in all the 

following cases of tests.

Fig.6. Schematics of the unit cell of plain woven (UCPW)  

3.1 Effect of crimp on the mechanical behaviour of a single yarn 

Firstly, before the tensile test on the fabric, we tried to investigate how the crimp impacts the mechanical behaviour of single yarn. 

Five types of yarns with a different crimp rate were employed in the tensile simulation. An elongation rate of 1% was set in the 

tensile direction in all the tensile tests, as during linear elastic processes, the level of the elongation rate does not affect the results.  

The equivalent tensile modulus, as one of the important indexes of a material’s mechanical properties, was calculated from 

simulation results by obtaining normal stresses and strains in the tensile direction (the z direction in Ansys) when the tensile load 

was applied. The stresses and strains of all nodal points when the tensile load was applied to the cross-section of the tensile 

end—denoted by                    —were excluded from the analysis results. Therefore, the equivalent tensile modulus (Ee)

of the yarns during tensile loading could be calculated using the following equation: 

Ee=   
 /   

 .                                                                                 (7) 

The tensile deformation of a single yarn with a crimp of 3.341% is represented in Fig. 7(a). The crimped yarn straightened during 

the tensile process, and the movement of the yarn reveals that both tensile and bending phenomena occurred during the tensile 

process. The normal stress distribution in the tensile direction is represented in Fig. 7(b). The results of the analysis are acceptable 

because there was no stress concentration. The maximum normal stress was clearly located on both sides of the areas of greatest 

curvature, as represented by the red and blue areas. 

The equivalent modulus for each degree of crimp was calculated, and the decreasing trend in the equivalent modulus was also 

obtained, as shown in Fig. 8. The equivalent tensile moduli of  single yarns were obviously smaller than those of the original 

  (6)

Where, θ is half of the central angle (in 
degrees) of the arc forming the shape of 
the yarn cross-section R  and L can be 
seen in Figure 1. Structural details of 
these models are listed in Table 4.

In addition, the present model employed 
in the test still cost a lot calculation 
time, as a result of which, a unit cell of 
plain woven (UCPW) was proposed (see 
Figure 6) to improve the calculation ef-
fectiveness. Tensile simulation results 
showed there was no difference in the re-
sults of the fabric’s Young’s modulus be-
tween the model employed above and the 
unit cell model, which applied an extra 
circulated boundary condition in the sim-
ulation process [23]. This kind of UCPW 
model was employed in all the following 
cases of tests. 

Effect of crimp on the mechanical 
behaviour of a single yarn
Firstly, before the tensile test on the fab-
ric, we tried to investigate how the crimp 
impacts the mechanical behaviour of sin-
gle yarn. Five types of yarns with a dif-
ferent crimp rate were employed in the 
tensile simulation. An elongation rate of 
1% was set in the tensile direction in all 
the tensile tests, as during linear elastic 
processes, the level of the elongation rate 
does not affect the results. 

Figure 5. Comparison of tensile stress-strain curve between the experiment and simulation 
of Twaron CT® fabric.

3rd peak F = 0.32μ+ 0.0355 0.9905 0.177 0.318 

4th peak F = 0.256μ+ 0.012 0.9893 0.123 0.334 

3. Tensile simulation and experimental verification 
Tensile simulation of Twaron CT® was carried out accordingly. The mechanical parameters and inter-yarn frictional coefficient 

obtained above were applied to the model. The stress-strain curve during the tensile process is depicted as a red dash line in Fig.5, 

and  Young’s modulus of the fabric, Es, was calculated as 71.35GPa when the frictional coefficient was designated to be 0.3. 

Moreover, a friction coefficient of 0 was also taken into consideration. The stress-strain curve is depicted as a grey dash line in 

Fig.5.It can obviously be established that the frictional coefficient has an influence on the tensile result, which will be discussed 

thoroughly in the following content. 

In order to validate the effectiveness of the model and simulation process, a  tensile test of practical Twaron CT® was carried out. 

A quasi-static tensile test was done on a 20KN INSTRON machine with a cross-head speed of 1 mm/min. The effective zone of the 

samples were designated as 2cm×10cm（22yarns×110yarns）. Firstly, the samples were  cut into oversized ones using  special 

aramid-use scissors, 8 replicates  with the length along the warp direction, then extra yarns along the samples’ length were 

removed from both sides in order to ensure that  edge defects are minimised and that there is no slip of loaded yarns during the test. 

Besides this, high-strength epoxy was glued to the ends of the test specimen in order to prevent slippage. A thin aluminum clamp 

were used for the fixture of the test samples. High resolution photos taken by a camera showed negligible slip between the samples 

and grips, and no pullout of yarns. 

A typical stress-strain curve under uniaxial tension was also depicted. As we had what we considered was the tensile property 

before the fabric’s failure,  we stopped the tensile experiment before the fabric’s complete failure. The curve can be divided into 3 

regions: the crimp region, linear pre-peak region and post-peak region. In the crimp region, the stress increases slowly due to the 

straightening of the undulated yarns in the loading direction with limited yarn stretching. The maximum strain in the crimp region 

is only 0.0078, which is negligible when compared with the strain at failure. As the strain increases, the fabric exhibits a linear 

response before failure. The Young’s modulus of the fabric is defined by the slope of the stress–strain curve in this region. And the 

average Young’s modulus of the Twaron CT® was calculated as Ee=73.18GPa.  

A comparison of the tensile stress-strain curve between the experiment and simulation can been seen in Fig.5, where the results 

estimated with a frictional coefficient of 0.3 show great similarity with the experiment results, and the Young’s modulus estimated 

by simulation  is approximately 2.5% smaller than the experiment result. As a result, we can conclude that the model used in the 

simulation can generally reflect the tensile property of real fabric; the model and simulation are  proved to be effective. 

 

Fig.5. Comparison of tensile stress-strain curve between the experiment and simulation of Twaron CT® fabric 

3. Investigation of the influence of crimp and inter-yarn friction on the mechanical properties of 
plain weave fabric 
As we know, different types of fabrics have different crimp and inter-yarn friction coefficients, even ones made of the same material. 
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Table 4. Structural details of fabrics used in 
finite element (FE) analysis.

Model Thread density, 
1/cm Crimp, %

1 8.6 1.167

2 10.2 1.986

3 11 2.329

4 11.7 3.341

5 12.5 4.658

Figure 6. Schematics of the unit cell of plain woven (UCPW).
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The equivalent tensile modulus, as one of 
the important indexes of a material’s me-
chanical properties, was calculated from 
simulation results by obtaining normal 
stresses and strains in the tensile direc-
tion (the z direction in Ansys) when the 
tensile load was applied. The stresses 
and strains of all nodal points when the 
tensile load was applied to the cross-
section of the tensile end – denoted by  
– were excluded from the analysis re-
sults. Therefore, the equivalent tensile 
modulus (Ee) of the yarns during tensile 
loading could be calculated using the fol-
lowing Equation (7):

Ee = 

It is difficult to qualitatively judge their influence  on mechanical properties through real material experiments ,respectively,

whereas FEA can help to deal with these problems due to its powerful parameterisation solution ability. Firstly, five fabric models 

with the same thickness (0.2mm) but with different crimp rates were created for FEM analysis. The crimp rate of a woven fabric 

can be calculated using Eq. (6): 

Crimp=     
 

            %,                                                                      (6) 

Where,  is half of the central angle (in degrees) of the arc forming the shape of the yarn cross-section.   and L can be seen in 

Fig.1.Structural details of these models are listed in Table 4. 

Table 4. Structural details of fabrics used in finite element (FE) analysis 

Model Thread density (1/cm) crimp (%)

1 8.6 1.167

2 10.2 1.986

3 11 2.329

4 11.7 3.341

5 12.5 4.658

In addition, the present model employed in the test still cost a lot calculation time, as a result of which, a unit cell of plain woven 

(UCPW) was proposed (see Fig.6) to improve the calculation effectiveness. Tensile simulation results showed there was no 

difference in the results of the fabric’s Young’s modulus between the model employed above and the unit cell model, which  

applied an extra circulated boundary condition in the simulation process [23]. This kind of UCPW model was employed in all the 

following cases of tests.

Fig.6. Schematics of the unit cell of plain woven (UCPW)  

3.1 Effect of crimp on the mechanical behaviour of a single yarn 

Firstly, before the tensile test on the fabric, we tried to investigate how the crimp impacts the mechanical behaviour of single yarn. 

Five types of yarns with a different crimp rate were employed in the tensile simulation. An elongation rate of 1% was set in the 

tensile direction in all the tensile tests, as during linear elastic processes, the level of the elongation rate does not affect the results.  

The equivalent tensile modulus, as one of the important indexes of a material’s mechanical properties, was calculated from 

simulation results by obtaining normal stresses and strains in the tensile direction (the z direction in Ansys) when the tensile load 

was applied. The stresses and strains of all nodal points when the tensile load was applied to the cross-section of the tensile 

end—denoted by                    —were excluded from the analysis results. Therefore, the equivalent tensile modulus (Ee)

of the yarns during tensile loading could be calculated using the following equation: 

Ee=   
 /   

 .                                                                                 (7) 

The tensile deformation of a single yarn with a crimp of 3.341% is represented in Fig. 7(a). The crimped yarn straightened during 

the tensile process, and the movement of the yarn reveals that both tensile and bending phenomena occurred during the tensile 

process. The normal stress distribution in the tensile direction is represented in Fig. 7(b). The results of the analysis are acceptable 

because there was no stress concentration. The maximum normal stress was clearly located on both sides of the areas of greatest 

curvature, as represented by the red and blue areas. 

The equivalent modulus for each degree of crimp was calculated, and the decreasing trend in the equivalent modulus was also 

obtained, as shown in Fig. 8. The equivalent tensile moduli of  single yarns were obviously smaller than those of the original 

     (7)

The tensile deformation of a single yarn 
with a crimp of 3.341% is represented in 
Figure 7.a. The crimped yarn straight-
ened during the tensile process, and the 
movement of the yarn reveals that both 
tensile and bending phenomena occurred 
during the tensile process. The normal 
stress distribution in the tensile direc-
tion is represented in Figure 7.b. The re-
sults of the analysis are acceptable be-
cause there was no stress concentration. 
The maximum normal stress was clearly 
located on both sides of the areas of 
greatest curvature, as represented by the 
red and blue areas.

The equivalent modulus for each degree 
of crimp was calculated, and the decreas-
ing trend in the equivalent modulus was 
also obtained, as shown in Figure 8. 
The equivalent tensile moduli of single 
yarns were obviously smaller than those 
of the original material (72.63 GPa) at all 
crimp rates, being inversely proportional 
to the crimp rate. The equivalent moduli 
of the yarns dropped from 98.35% to 
94.78% of the original modulus when the 
crimp increased from 1.167% to 4.658%. 
This means that for the same material 
with the same original tensile modulus, 
the degree of crimp resulting from the 
production process affects the equivalent 
modulus of the yarn during mechanical 
loading; the more curved the yarn, the 
smaller its tensile modulus.

We then carried out a microscopic ex-
amination of the stress at the FE nodal 
points. Figure 9 shows the normal stress 
distribution in the tensile direction (z) of 
nodal points through the upper surface of 
a yarn with a crimp of 3.341%. The nodal 
points selected are highlighted in violet in 
the side view of the single yarn model. 
The schematic of the results represents 

a) b)

Figure 9. Normal stress distribution of nodal points in the tensile direction through the upper 
surface of a yarn with a crimp of 3.341%.

Figure 7. Schematics of FE tensile characteristics of a single yarn with a crimp of 3.341%: 
a) tensile deformation process and b) normal stress distribution in the tensile direction. 

material (72.63 GPa) at all crimp rates, being inversely proportional to the crimp rate. The equivalent moduli of the yarns dropped 

from 98.35% to 94.78% of the original modulus when the crimp increased from 1.167 % to 4.658%. This means that for the same 

material with the same original tensile modulus, the degree of crimp resulting from the production process affects the equivalent 

modulus of the yarn during mechanical loading; the more curved the yarn, the smaller its tensile modulus. 

We then carried out a microscopic examination of the stress at the FE nodal points. Fig. 9 shows the normal stress distribution in the 

tensile direction (z) of nodal points through the upper surface of a yarn with a crimp of 3.341%. The nodal points selected are 

highlighted in violet in the side view of the single yarn model. The schematic of the results represents an approximate trigonometric 

function curve. The normal stresses at the representative nodal points (C1-C5) in three yarns with different crimp rates are listed in 

Table 5. The results illustrate that each nodal stress in the tensile direction (in absolute terms) was greater when the degree of crimp 

was smaller. This result also means that under the same tensile elongation, the yarn with the greatest crimp rate experienced less 

stress in the tensile direction. We also investigated the deformations of the same nodal points in the perpendicular Y direction (see 

Table 6). The results illustrate that the deformation of each nodal point in the Y direction was greater when the degree of crimp was 

larger. Because displacement reduces stress to some extent, during tension, the greater the degree of deformation perpendicular to 

the direction of tension, the smaller the stress in the direction of tension inside the material. This means that under the same 

elongation rate, yarns with a greater crimp rate experience greater bending deformation, and unstable dynamic action reduces the 

tensile stress and strain in the tensile direction, making the yarn easier to stretch than one with a lower crimp rate. Such yarns also 

have a lower equivalent modulus. 

             

(a)                                                     (b) 

Fig. 7. Schematics of FE tensile characteristics of a single yarn with a crimp of 3.341%: (a) tensile deformation process; and (b) normal stress 

distribution in the tensile direction  

  

Fig. 8. Equivalent modulus as a percentage of the original modulus versus the crimp rate in a tensile test on a single yarn 
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Figure 8. Equivalent modulus as a percentage of the original modulus versus the crimp rate 
in a tensile test on a single yarn.

 

Above should be ‘Nodal points’ sequence…’ 

Fig. 9. Normal stress distribution of nodal points in the tensile direction through the upper surface of a yarn with a crimp of 3.341% 

Table 5. Comparison of normal stresses (MPa) in the tensile direction at representative nodal points C1-C5 for yarns with various crimp rates  

Nodal point 
Normal stress (MPa) 

Crimp1.167% Crimp2.329% Crimp4.658% 

C1 592.3 589.1 585.4 

C2 790.2 783.9 771.2 

C3 288.9 258.3 211.6 

C4 1488.9 1477.5 1465.8 

C5 1195.3 1178.6 1156.7 

                 

Table 6. Comparison of deformation (mm) of nodal points C1-C5 in the perpendicular Y direction for yarns with various crimp rates  

Nodal point Crimp1.167% Crimp2.329% Crimp4.658% 

C1 0.137 0.158 0.169 

C2 0.118 0.134 0.143 

C3 0.064 0.078 0.086 

C4 0.019 0.026 0.032 

C5 0.006 0.009 0.0011 

3.2 Effect of crimp on the mechanical behaviour of woven fabric 

3.2.1 Uniaxial tensile  

A unit cell of plain woven (UCPW) comprises four contact regions because it is composed of two warp yarns and two weft yarns. 

These contact regions are responsible for inter-yarn friction, which cannot be negligible in the tensile simulation process. 

Therefore, a constant frictional coefficient between the contact regions of 0.3 is applied in tests at all crimp levels. A model UCPW 

comprising yarns with a crimp of 3.341% and applied boundary conditions are represented in Fig. 10. Cross-sections A and B 

represent fixed ends, whereas cross-sections C and D are tensile ends. The cyclic symmetry of the normal stress distribution in the 

tensile direction owing to the symmetry of the UCPW can also be seen in the lower right schematic surrounded by a red border in 

Fig. 10. The maximum normal stress area is located around the outside rim of the cross-section in the load-bearing yarn. The stress 

distribution of the cross-section of the UCPW can be seen in the upper right schematic surrounded by a red border. The stress in the 

load-bearing yarns is greater than in the non-loaded ones.  
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Table 5. Comparison of normal stresses (MPa) in the tensile direction at representative nodal 
points C1-C5 for yarns with various crimp rates. 

Nodal point
Normal stress, MPa

Crimp 1.167% Crimp 2.329% Crimp 4.658%
C1 592.3 589.1 585.4

C2 790.2 783.9 771.2

C3 288.9 258.3 211.6

C4 1488.9 1477.5 1465.8

C5 1195.3 1178.6 1156.7
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an approximate trigonometric function 
curve. The normal stresses at the repre-
sentative nodal points (C1-C5) in three 
yarns with different crimp rates are listed 
in Table 5. The results illustrate that each 
nodal stress in the tensile direction (in ab-
solute terms) was greater when the degree 
of crimp was smaller. This result also 
means that under the same tensile elon-
gation, the yarn with the greatest crimp 
rate experienced less stress in the tensile 
direction. We also investigated the defor-
mations of the same nodal points in the 

perpendicular Y direction (see Table 6). 
The results illustrate that the deforma-
tion of each nodal point in the Y direc-
tion was greater when the degree of crimp 
was larger. Because displacement reduces 
stress to some extent, during tension, the 
greater the degree of deformation per-
pendicular to the direction of tension, 
the smaller the stress in the direction of 
tension inside the material. This means 
that under the same elongation rate, yarns 
with a greater crimp rate experience 
greater bending deformation, and un-

stable dynamic action reduces the tensile 
stress and strain in the tensile direction, 
making the yarn easier to stretch than one 
with a lower crimp rate. Such yarns also 
have a lower equivalent modulus.

Effect of crimp on the mechanical 
behaviour of woven fabric
Uniaxial tensile 
A unit cell of plain woven (UCPW) com-
prises four contact regions because it is 
composed of two warp yarns and two 
weft yarns. These contact regions are re-
sponsible for inter-yarn friction, which 
cannot be negligible in the tensile simu-
lation process. Therefore, a constant fric-
tional coefficient between the contact re-
gions of 0.3 is applied in tests at all crimp 
levels. A model UCPW comprising yarns 
with a crimp of 3.341% and applied 
boundary conditions are represented in 
Figure 10. Cross-sections A and B rep-
resent fixed ends, whereas cross-sections 
C and D are tensile ends. The cyclic sym-
metry of the normal stress distribution in 
the tensile direction owing to the sym-
metry of the UCPW can also be seen in 
the lower right schematic surrounded by 
a red border in Figure 10. The maximum 
normal stress area is located around the 
outside rim of the cross-section in the 
load-bearing yarn. The stress distribution 
of the cross-section of the UCPW can be 
seen in the upper right schematic sur-
rounded by a red border. The stress in the 
load-bearing yarns is greater than in the 
non-loaded ones. 

The equivalent tensile modulus of the 
UCPW under uniaxial tensile loading 
demonstrated the same trend as in the 
single yarn test: a greater crimp resulted 
in a lower equivalent modulus (Fig-
ure 11). The equivalent modulus of the 
UCPW dropped from 98.64% to 95.83% 
of the original modulus when the crimp 
increased from 1.167% to 4.658%. It is 
also clear that the moduli at all levels of 
crimp were smaller than that of the origi-
nal material. A comparison of the uni-
axial tensile tests on the single yarn and 
UCPW reveals that the equivalent modu-
lus was greater in the UCPW at all levels 
of crimp than in the single yarn, which 
is in accordance with the tensile ex-
periments described above. In addition, 
the linearly fitted results from the uni-
axial tensile tests reveal that crimp had 
a slightly greater influence on the single 
yarn than on the UCPW. Furthermore, 
the difference in the equivalent modulus 
between the single yarn and the uniaxial 

Table 6. Comparison of deformation (mm) of nodal points C1-C5 in the perpendicular Y 
direction for yarns with various crimp rates. 

Nodal point Crimp 1.167% Crimp 2.329% Crimp 4.658%
C1 0.137 0.158 0.169

C2 0.118 0.134 0.143

C3 0.064 0.078 0.086

C4 0.019 0.026 0.032

C5 0.006 0.009 0.0011

Figure 10. Schematics of boundary conditions and normal stress distribution in the tensile 
direction in a uniaxial tensile test on a unit cell of plain woven (UCPW). 

 

Fig. 10. Schematics of boundary conditions and normal stress distribution in the tensile direction in a uniaxial tensile test on a unit cell of plain 

woven (UCPW)  

 

Fig. 11. Comparison of the equivalent modulus as a percentage of the original modulus of a single yarn and  UCPW versus the crimp rate in a 

uniaxial tensile test 

The equivalent tensile modulus of the UCPW under uniaxial tensile loading demonstrated the same trend as in the single yarn 

test: a greater crimp resulted in a lower equivalent modulus (Fig. 11). The equivalent modulus of the UCPW dropped from 98.64% 

to 95.83% of the original modulus when the crimp increased from 1.167% to 4.658%. It is also clear that the moduli at all levels of 

crimp were smaller than that of the original material. A comparison of the uniaxial tensile tests on the single yarn and  UCPW 

reveals that the equivalent modulus was greater in the UCPW at all levels of crimp than in the single yarn, which is in accordance 

with the tensile experiments described above. In addition, the linearly fitted results from the uniaxial tensile tests reveal that crimp 

had a slightly greater influence on the single yarn than on the UCPW. Furthermore, the difference in the equivalent modulus 

between the single yarn and the uniaxial tensile case increased from 0.2% to 1.1% as the crimp increased.  

We also investigated the stress between  yarns in the cross-section of the UCPW under uniaxial tensile loading. When tensile 

loading was applied, tensile elongation in yarn A resulted in friction stress on the contact surface (indicated by the red line in the 

side view in Fig. 12) caused by the hindrance of yarns B and C; simultaneously, bending in yarn A resulted in extrusion stress 

normal to the fabric plane on the contact surface, also due to the hindrance of yarns B and C. Fig. 12 shows the stress condition at 

the central contact nodal point of yarn A. In contrast, in the single yarn test there was no hindering yarn to prevent the elongation 

and bending of the tensile yarn; so compared with the UCPW, the single yarn was easier to stretch, which explains the difference in 

the equivalent moduli between the UCPW and  single yarn. 
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Figure 11. Comparison of the equivalent modulus as a percentage of the original modulus 
of a single yarn and UCPW versus the crimp rate in a uniaxial tensile test.
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tensile case increased from 0.2% to 1.1% 
as the crimp increased. 

We also investigated the stress between 
yarns in the cross-section of the UCPW 
under uniaxial tensile loading. When ten-
sile loading was applied, tensile elonga-
tion in yarn A resulted in friction stress 
on the contact surface (indicated by the 
red line in the side view in Figure 12) 
caused by the hindrance of yarns B 
and C; simultaneously, bending in yarn 
A resulted in extrusion stress normal to 
the fabric plane on the contact surface, 
also due to the hindrance of yarns B 
and C. Figure 12 shows the stress condi-
tion at the central contact nodal point of 
yarn A. In contrast, in the single yarn test 
there was no hindering yarn to prevent 
the elongation and bending of the tensile 
yarn; so compared with the UCPW, the 
single yarn was easier to stretch, which 
explains the difference in the equivalent 
moduli between the UCPW and single 
yarn.

Biaxial tensile test
We also took biaxial tensile tests into 
consideration. Compared with the uni-
axial tensile tests, in the biaxial test we 
applied tensile loading to yarns in both 
the warp and weft directions while main-
taining an inter-yarn frictional coefficient 
of 0.3. Cross-sections A, B, C, and D are 
the fixed ends, and cross-sections E, F, G, 
and H are the tensile ends (Figure 13). In 
the biaxial test we applied tensile loads 
to the warp and weft yarns simultane-
ously at a rate of 1% elongation in both 
directions. Considering the symmetry of 
the UCPW, the results for the two direc-
tions should be the same. Therefore, the 
results for either direction are acceptable. 
The schematic surrounded by the red bor-
der in the lower right of Figure 13 also 
shows the normal stress distribution in 
a single tensile direction (the schematic 
represents a view magnified five times). 
The cyclic symmetry results also reveal 
that the maximum stress occurred both 
around the rim of the cross-section and 
around the cross contact area between 
the two groups of yarns. Furthermore, 
the stress was quite evenly distributed 
between the weft and warp yarns, shown 
in the schematic surrounded by the red 
border in the upper right of Figure 13.

Figure 14 reveals that the equivalent 
tensile moduli in UCPWs with differ-
ent crimps were closer to the modulus of 
the original material in the biaxial ten-

Figure 12. Stress between yarns in the cross-section of UCPW at the central contact nodal 
point during uniaxial tensile loading.

Figure 13. Schematic of the boundary condition and normal stress distribution in the single 
tensile direction in UCPW during the biaxial tensile test.

 
Fig. 12. Stress between yarns in the cross-section of UCPW at the central contact nodal point during uniaxial tensile loading 

3.2.2 Biaxial tensile test 

We also took biaxial tensile tests into consideration. Compared with the uniaxial tensile tests, in the biaxial test we applied tensile 

loading to yarns in both the warp and weft directions while maintaining an inter-yarn frictional coefficient of 0.3. Cross-sections A, 

B, C, and D are the fixed ends, and cross-sections E, F, G, and H are the tensile ends (Fig. 13). In the biaxial test we applied tensile 

loads to the warp and weft yarns simultaneously at a rate of 1% elongation in both directions. Considering the symmetry of the 

UCPW, the results for the two directions should be the same. Therefore, the results for either direction are acceptable. The 

schematic surrounded by the red border in the lower right of Fig. 13 also shows the normal stress distribution in a single tensile 

direction (the schematic represents a view magnified  five times). The cyclic symmetry results also reveal that the maximum stress 

occurred both around the rim of the cross-section and around the cross contact area between the two groups of yarns. Furthermore, 

the stress was quite evenly distributed between the weft and warp yarns,  shown in the schematic surrounded by the red border in 

the upper right of Fig. 13. 

             
Fig. 13. Schematic of the boundary condition and normal stress distribution in the single tensile direction in UCPW during the biaxial tensile test 

 

 
 

Fig. 14. Comparison of the equivalent modulus as a percentage of the original modulus versus the crimp in UCPW in the uniaxial and biaxial 
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Figure 14. Comparison of the equivalent modulus as a percentage of the original modulus 
versus the crimp in UCPW in the uniaxial and biaxial tensile tests.

Figure 15. Stress between yarns in the cross-section of UCPW at the central contact nodal 
point of yarn A under biaxial tensile loading.
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sile test than in the uniaxial test. As in 
the uniaxial case, the distribution of the 
moduli had the same downward trend. 
The equivalent modulus of the UCPW 
dropped from 99.79% to 97.08% of the 
original modulus when the crimp in-
creased from 1.167% to 4.658%. There-
fore, at the same crimp and inter-yarn 
friction coefficient, the equivalent modu-
lus was greater in the biaxial tensile test 
than in the uniaxial test. The linear fit-
ting results also reveal that the crimp had 
slightly less influence in the case of the 
biaxial tensile test than in the uniaxial 
test. 

From a microscopic perspective, as ten-
sile loading was applied to the yarns in 
the warp and weft directions, the stress 
situation was much more complicated in 
the biaxial test than in the uniaxial case, 
as shown in Figure 15. For example, at 
the central contact nodal point of yarn A, 
the tensile load in the x direction (ten-
sile x in the schematic) was applied di-
rectly to yarn A. As in the uniaxial case, 
tensile elongation resulted in friction 
stress on the contact surface caused by 

the hindrance of yarns B and C; simul-
taneously, the bending of yarn A also re-
sulted in extrusion stress normal to the 
fabric plane on the contact surface due to 
the hindrance of yarns B and C. In addi-
tion, another tensile load was applied to 
yarns B and C in the z direction. Owing 
to symmetry, only yarn B was taken into 
consideration. The tensile elongation of 
yarn B resulted in friction stress on the 
contact surface of A, and the bending of 
yarn B also resulted in extrusion stress 
on yarn A. Therefore, it is obvious that 
both friction stress and extrusion stress 
at the nodal points of the contact area 
were greater compared with the uniaxial 
case. In the following analysis, we will 
discuss the quantification of inter-yarn 
friction.

Generally, regardless of the type of 
tensile test (single yarn, uniaxial, or bi-
axial), the equivalent modulus gradu-
ally decreases as the crimp of the yarn 
increases. Furthermore, at the same level 
of crimp, the equivalent modulus of the 
UCPW decreases in the following order: 
biaxial test, uniaxial test, single yarn test. 

Effect of inter-yarn friction on the 
mechanical behaviour of UCPW
Typically, the compressive stress gener-
ated on the contact surface and the con-
tact friction coefficient are the two main 
factors affecting the friction force, and 
under the same objective condition, the 
friction force between yarns in the fab-
ric is supposed to have an influence on 
the fabric’s tensile properties. Therefore, 
in the present study we attempted to de-
termine the effect of inter-yarn friction 
on a fabric’s tensile properties from the 
perspective of both the contact stress and 
friction coefficient, as well as to elucidate 
the underlying mechanism. 

Investigation of contact stress
The inter-yarn friction force in fabrics 
is very difficult to calculate [24]. How-
ever, the greater the pressure between the 
contact surfaces, the greater the friction 
force generated. Therefore, the variation 
in the friction force can be determined 
by measuring the change in the contact 
pressure. From a microscopic perspec-
tive, the frictional force of each affected 
FE nodal point is determined by the nor-
mal contact stress. In the present study, 
we chose the cyclic contact area high-
lighted by the surrounding red line in the 
UCPW shown in Figure 16. We selected 
seven representative nodal points on the 
surface of a certain yarn and designated 
them N1 to N7, then examined and com-
pared the stresses at these seven nodal 
points. Because the model is symmetri-
cal, the stresses at these representative 
nodal points basically represent those of 
the whole yarn or UCPW. We examined 
the perpendicular stresses (in the y direc-
tion, perpendicular to the fabric plane) to 
determine the extrusion pressure between 
the contact area of the yarn. At the same 
crimp of 3.341%, and inter-yarn fric-
tional coefficient of 0.3, we investigated 
the three tests (single yarn, uniaxial, and 
biaxial tensile) at the same representative 
nodal points. The perpendicular stresses 
at N1 to N7 in the different tests are given 
in Figure 17.

In a tensile process involving a single 
yarn, perpendicular stress is caused by the 
bending of the yarn, as mentioned above, 
whereas in uniaxial or biaxial tensile pro-
cesses, in addition to bending, the mutual 
extrusion interaction in the contact area 
of the yarn caused by tensile loading also 
contributes to perpendicular stress. Fig-
ure 17 demonstrates that during tensile 
processes, the perpendicular stresses at 
the representative points in a single yarn, 

Figure 17. Perpendicular stresses (MPa) at representative nodal points in the various tests 
at the same crimp – 3.341% and inter-yarn frictional coefficient – 0.3.

Figure 16. Positions of N1 to N7 in the UCPW and single yarn at a crimprate of 3.341%.
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tensile test, the mutual extrusion between contact yarns was responsible for most of the perpendicular stress. In the single yarn 

tensile case, the perpendicular stress was quite small because there was no inter-yarn contact; whereas in the UCPW case, the yarn 

protruded from the deformation as a result of tensile loading, and the deformation in the biaxial case was greater than in the 

uniaxial case because multiple loading was applied. This led to greater mutual extrusion stress in the biaxial test than in the uniaxial 

test. Under the same friction coefficient, the greater the interaction pressure between yarns, the greater the friction produced during 

a tensile process. Therefore, under biaxial tension, more protruding deformation causes more contact stress, resulting in greater 

friction. According to the statistical analysis of the representative nodal points, the perpendicular stress in the biaxial case was on 

average 2.86 times greater than in the uniaxial case, and 7.93 times greater than in the single yarn. At the same crimp, a larger 

friction force leads to larger internal stress in the yarns, which makes them more difficult to stretch, resulting in a larger equivalent 

modulus than during uniaxial tension. This provides a good explanation as to why the equivalent modulus of the UCPW varied  in 

the single yarn,  uniaxial and biaxial tensile processes. 

3.3.2 Effect of  inter-yarn friction coefficient 

Inter-yarn friction is another important factor that influences the mechanical properties of a fabric. At the same crimp rate and 
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which are mostly caused by bending, 
are quite small compared with those in 
the UCPW (approximately 12.5% of the 
perpendicular stress in the biaxial case 
and 36.8% in the uniaxial case). In other 
words, bending only accounts for a small 
part of the stress compared with the mutu-
al extrusion between yarns. In the UCPW 
tensile test, the mutual extrusion between 
contact yarns was responsible for most 
of the perpendicular stress. In the single 
yarn tensile case, the perpendicular stress 
was quite small because there was no 
inter-yarn contact; whereas in the UCPW 
case, the yarn protruded from the defor-
mation as a result of tensile loading, and 
the deformation in the biaxial case was 
greater than in the uniaxial case because 
multiple loading was applied. This led to 
greater mutual extrusion stress in the bi-
axial test than in the uniaxial test. Under 
the same friction coefficient, the greater 
the interaction pressure between yarns, 
the greater the friction produced during 
a tensile process. Therefore, under biax-
ial tension, more protruding deformation 
causes more contact stress, resulting in 
greater friction. According to the statis-
tical analysis of the representative nodal 
points, the perpendicular stress in the 
biaxial case was on average 2.86 times 
greater than in the uniaxial case, and 
7.93 times greater than in the single 
yarn. At the same crimp, a larger friction 
force leads to larger internal stress in the 
yarns, which makes them more difficult 
to stretch, resulting in a larger equiva-
lent modulus than during uniaxial ten-
sion. This provides a good explanation 
as to why the equivalent modulus of the 
UCPW varied in the single yarn, uniaxial 
and biaxial tensile processes.

Effect of inter-yarn friction coefficient
Inter-yarn friction is another important 
factor that influences the mechanical 
properties of a fabric. At the same crimp 
rate and tensile elongation, a larger fric-
tion coefficient results in a greater fric-
tion force between two contact yarns 
during tensile loading. A greater friction 
force contributes to greater internal stress 
in the yarn during loading, as mentioned 
above, which further influences the ten-
sile properties. We were most concerned 
with how and to what extent the inter-
yarn friction coefficient affects the equiv-
alent modulus during tensile processes. 
Therefore, we used the same UCPW at 
the same crimp rate of 3.341% in both 
the uniaxial and biaxial tensile tests. We 
applied five friction coefficients (0.1, 0.2, 
0.3, 0.4 and 0.5) to the contact boundary 

condition, the results of which are shown 
below.

Figure 18 shows that the equivalent mod-
ulus increased along with the frictional 
coefficient. Increasing the inter-yarn fric-
tion raises the friction force during the 
tensile process, and this leads to stronger 
resistance, resulting in an increase in the 
equivalent modulus. Furthermore, the 
results show that the equivalent modu-
lus was greater than the original modu-
lus when the friction coefficient reached 
0.5 in both tensile cases. Therefore, the 
equivalent modulus may be larger than 
the original modulus when the inter-yarn 
friction is large enough. Moreover, un-
der certain mechanical conditions and at 
a certain inter-yarn friction, it is possible 
for the equivalent modulus of a fabric to 
be the same as the original modulus.

Figure 19 shows the stresses in the tensile 
direction (z) at the representative nodal 
points at a crimp of 3.341% in the single 
yarn in biaxial and uniaxial tensile cases 

at friction coefficients of 0.1, 0.3, and 0.5. 
The results reveal the following: First, the 
stress in the single yarn case was lowest 
at all points because there was no inter-
yarn friction. Second, in both the biaxial 
and uniaxial tests, the stress in the tensile 
direction became noticeably higher when 
the friction coefficient increased, owing 
to the higher friction force between the 
yarns. According to the statistical analy-
sis of the representative nodal points, the 
stress in the tensile direction in the biaxial 
and uniaxial tests increased by 19.3% and 
8.8% on average, respectively, when the 
frictional coefficient varied from 0.1 to 
0.5. Third, at the same friction coefficient, 
the stress was higher in the biaxial case 
than in the uniaxial case. According to 
the statistical analysis of the representa-
tive nodal points, the stress in the tensile 
direction was 24.2% larger on average in 
the biaxial test than in the uniaxial test, 
which also explains why the equivalent 
modulus in the biaxial case was higher 
than in the uniaxial case at the same crimp 
and friction coefficient.

Figure 18. Equivalent modulus as a percentage of the original modulus versus the inter-yarn 
frictional coefficient in UCPW under tensile loading.
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Figure 19. Comparison of stress at representative nodal points in the tensile direction for 
the various tests.
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 Conclusions
In the present paper, we investigated how 
and to what extent the physical character-
istics of a fabric influence its mechanical 
properties during tensile processes. First-
ly, an FE model of plain weave was cre-
ated and proved to be effective compared 
to the tensile experiment with Twaron 
CT® plain weave fabric. Secondly, tensile 
simulations representing a single yarn, 
as well as uniaxial and biaxial UCPWs 
were carried out considering different 
yarn crimp rates. Regardless of the tensile 
test (single yarn, uniaxial, or biaxial), the 
equivalent modulus gradually decreases 
as the crimp of the yarn increases. Fur-
thermore, at the same level of crimp, the 
equivalent modulus decreases in the fol-
lowing order: biaxial test, uniaxial test, 
single yarn test. We chose representative 
nodal points, and investigated and anal-
ysed the deformation and normal stress. 
The results revealed that in the case of 
a single yarn, greater crimp will have 
greater displacement, caused by bending 
during the tensile process, and unstable 
dynamic action reduces the tensile stress 
in the tensile direction. In other words, the 
bigger the crimp, the easier it is to stretch 
the yarn, which has a smaller equivalent 
modulus. Moreover, we determined why 
there was a difference in the equivalent 
modulus between the single yarn, uni-
axial, and biaxial tensile tests by investi-
gating the stress at the representative in-
ner nodal points. Thirdly, we considered 
the influence of inter-yarn friction. We 
analysed the contact stresses in a group 
of nodal points chosen in the model, and 
the results showed that under biaxial ten-
sion, more protruding deformation causes 
more contact pressure, producing a larger 
friction force. At the same crimp, a larger 
friction force leads to larger internal stress 
in the yarns, which makes them more 
difficult to stretch, resulting in a larger 
equivalent modulus than during uniaxial 
tension. We then carried out tensile tests 
on UCPWs with different inter-yarn 
frictional coefficients at the same crimp 
rate. The stresses in the tensile direction 
at the representative nodal points were 
also investigated. There was an obvious 

tendency for the equivalent moduli of the 
UCPWs to increase as the frictional coef-
ficient increased in both the uniaxial and 
biaxial tensile tests.
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