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Abstract
This paper evaluates the effects of experimental speeds (22, 24 and 26 m/min) on woven 
fabrics’ stress relaxation behaviour in a cylindrical form under constant torsional strain. 
Worsted woven fabrics were put under experimentation with identical specifications along 
the warp direction such as yarn density, fabric construction and fibre content, However the 
structural parameters were somewhat different in the weft direction. The experiments were 
conducted using the method established by Hezavehei, et.al (2011) and the stress relaxation 
behaviour of specimens at three speeds of a spiral shaft which can hold samples tightly 
in a cylindrical form and automatically rotate were investigated. According to the results 
obtained, with increasing the speed of fabric rotation around the main shaft, the quantity of 
stress relaxation percent decreases. The effect of experimental speed on the stress relaxation 
behaviour is differently reported for the warp and weft directions due to the variety of struc-
tures along each individual direction. Regarding  this, the reduction in the torsional strain 
recovery of samples in the weft direction is significantly more than that in the warp direction. 
In fact, the stress relaxation behaviour is likely to be related to the physical and viscoelastic 
properties of fibre, yarn and fabric. Hence the experimental data were fitted with two well 
known viscoelastic models such as an ordinary Maxwell’s and three component Maxwell’s 
model with a parallel connected nonlinear spring. The results were fairly justified by curve 
fitting of experimental data with the three component Maxwell’s model including a parallel 
connected nonlinear spring. Furthermore non-linear behaviour was observed from experi-
mental validation with a remarkable correlation  coefficient. 

Key words: stress relaxation, constant torsional strain, woven fabric, Maxwell’s model, 
three component Maxwell’s model, experimental speed.

performed  correlations between the me-
chanical properties and behaviour of  fab-
rics were conducted. Estimation of fabric 
behavior was made in the manufacturing 
process against operational stress such as 
tensile, compression, sheer and bending. 
Owing to this experiment the mechanical 
properties were found to be  significant 
parameters in describing and predicting 
the behaviour of  fabrics [17]. When the 
elasticity of the constituents increasingly 
changes, for instance, in fabric  contain-
ing elastane fibres, the longest relaxation 
time should be given to the structure for 
recovering the deformation [14]. It shows 
that the elasticity of the garment may also 
play a considerable role in ultimate stress 
relaxation behaviour. Furthermore it was 
demonstrated that  Maxwell’s model is 
unable to explain the behaviour of  fab-
ric under constant deformation. Hence 
this model was appropriately employed 
either for explaining relaxation phenom-
ena in the fabric or changes of stresses 
inside a fabric roll [11, 12]. For knitted 
fabrics the elasticity of the structure usu-
ally exhibits a different trend based on 
the knitted structure; the stress relaxation 
might dissimilarly be changed from each 
direction of the component due to acting 
as an anisotropic body. In order to jus-
tify this dependency  uniaxial and biaxial 
strain was employed through the elastic 
and viscoelastic structures. As a con-

and so on. If stresses and strains appear 
over a garment for a period of time, re-
sidual stresses will show a decline when 
the strain is kept constant. In fact, the 
mechanical properties and shapes of the 
structure usually suffer from stresses and 
strains either in the manufacturing pro-
cess (when the fabric is being tailored) or 
throughout the period of its application. 
Besides, two common elements domi-
nate the initial structural deformation of 
fabrics after loading called recoverable 
and unrecoverable which are usually 
ascribed as elastic and plastic deforma-
tion, respectively [1]. The imperfections 
might be unveiled as unrecoverable de-
formation while garment is subjected 
to high tension processes due to  inexo-
rable strains. Accordingly the fabric’s 
capability to be consistent  in demand 
could be significantly reduced [2, 3].  
However, understanding the behaviour 
of the structure from a mechanical view 
point becomes predominantly definitive 
when the structure is  required to present 
desirable properties for a long period of 
time [1]. 

Several interesting points have attracted 
quite a few researches to evaluate the 
stress relaxation of fabrics, yarns and 
polymeric materials [4 - 10] accompa-
nied by developing  viscoelastic models 
[11 - 16]. In some studies previously 

n	 Introduction 
Stress relaxation is one of the principal 
mechanical behaviours of material which 
explains structural responses against 
stresses. It could be addressed for a di-
versity of structures progressively for 
fabrics and textiles. Furthermore time 
is defined fundamentally as a main ele-
ment according to the nature of viscoe-
lastic mediums. In terms of the stress 
relaxation variation of fabric, as well 
as time, some elements are likely to be 
more superior such as the weave, fabric 
density, material content, yarn density 
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ment  throughout the study. Meanwhile 
the physical and structural properties of 
the fabrics and their effect on the stress 
relaxation behaviour in both the weft and 
warp directions were considered. Beside 
this  statistical evaluations as well as 
mathematical modelling of stress relaxa-
tion based on the linear and non-linear 
viscoelastic models are also  presented.  

n	 Experimental
Materials 
In order to establish an understanding of 
what is involved in the stress relaxation 
behaviour of worsted fabrics, 9 different 
samples were prepared with similar prop-
erties along the warp direction, such as 
29 end per cm and a 50 tex warp count. 
However, specifications in the weft direc-
tion were completely different in woven 
fabrics, which are presented in Table 1. 

From the table above fabric codes from A 
to G were made with a Twill fabric con-
struction; however, the construction for 
the  last two fabrics (H and I) are Plain 
and Hopsack. The differences between 
Twill fabrics were such structural varia-
tions as yarn count in tex, fabric density 
in pick per cm, weight in g.m-2, thickness 
in mm and fibre content in %. Except for 
the fabric construction variation between 
samples H and I, there is no significant 
difference in their linear density (yarn 
count), fabric density, and fibre content. 

Fabric stress relaxation tester
For the purpose of stress relaxation de-
termination of woven fabrics, the method 
already established by Hezavehie et.al 
was used [22]. On this instrument,  rec-
tangular fabric specimens (with dimen-
sions of 290×160 mm) were formed 
into a cylinder shape and then mounted 
between two circular rings with a 90 mm 
diameter. The upper ring, which is au-
tomatically controlled by the software, 

sequence, it was demonstrated that the 
stress relaxation under biaxial strain is in 
coordination with rotation around angle 
of the knit [15]. 

To simplify the viscoelastic behaviour 
of  fabrics, further different derivations 
of the dashpot and spring model have 
been abundantly developed. For the pur-
pose of having  a reliable and convenient 
prediction of fabric behavior, the me-
chanical values were mathematically fit-
ted with some viscoelastic models such 
as the generalized Maxwell’s [11 - 14] 
and modified standard linear solid mod-
els [14], the four element model with 
two springs and two dashpots [15], and 
the two and three component Maxwell’s 
model [16]. These pointed out that the 
linear or non-linear viscoelastic behav-
iour of the textile structure as a presump-
tion could be confirmed. On the other 
hand, a rheological model for the crease 
of fabrics was presented earlier [18]. 
Furthermore woven and knitted fabrics’ 
crease and relaxation shrinkage behav-
iour was examined, where the shrinkage 
of the yarn constituent seemed to be a 
main influential factor [19]. The mechan-
ics of deformation as well as  analysing 
large shear strain in woolen fabrics were 
investigated along different shear angles 
[20]. The generalised linear viscoelastic 
model  developed led to low strain defor-
mation. Although an independent varia-
tion in the shear stress relaxation rate was 
observed with increasing the maximum 
shear angle up to 16º, the results were 
in good agreement with the model pre-
sented. Because of the higher pressure at 
the yarn cross-over points at higher shear 
strains, the inter-fibre frictional stress in-
creased exponentially with an increasing 
shear strain. Owing to this fact, when a 
high level of strain was experienced by 
fibres, the later results became enormous-
ly important for predicting the recovery 
behaviour of the fabric from deformation 
such as wrinkling and creasing [20]. The 
stress relaxation of three-ply breathable-
coated fabric was scrutinised last decade 
which was constructed from an outer 
polyester woven fabric, an inside polyte-
trafluoroethylene micropore film and a 
linear polyester knitted fabric [21]. The 
different directions of the structures such 
as weft, warp and through a 45º  angle 
were subjected to  tensile stresses. As a 
result of this study, stress relaxation of 
the fabrics was attributed to the fabric 
and film properties, which are completely 
dissimilar along the weft and warp direc-
tions even though the tensile properties 

were reported similar for all of the direc-
tions. 

Although extensive researches have been 
carried out on the stress relaxation be-
haviour of fabrics, only a few cover the 
whole of the concept in terms of the real 
condition of the experiment. Recently a 
new experimental method for measuring 
the stress relaxation of worsted fabric has 
been successfully proposed [22]. There 
is much convincing evidence  regarding  
the expression of stress relaxation and 
recovery of  worsted fabric with varying  
structural properties. The process was as-
sumed to be more similar to the real situ-
ation of fabrics under regular operation 
and consumption. It was illustrated that 
with increasing polyester content in wo-
ven fabrics the stress relaxation percent-
age decreases. Also by employing the 
same method behaviour of stress relaxa-
tion of polyester blended fabric under 
constant torsional strain was evaluated 
[23]. Based on the result of this study, 
the stress relaxation behaviour of wor-
sted fabrics was found to be attributed to 
the viscoelastic properties of fibres, and 
such  other properties of fabrics as thick-
ness and weight. In the mean time, the 
decreasing trend of stress relaxation was 
observed with an increment of thickness 
and weight of the fabrics. The viscoe-
lastic behaviour of the fabrics and their 
stress relaxation curve were in agreement 
with Maxwell’s model [22]. The later 
experimental method is quite new in this 
particular field of study. Hence a much 
more systematic study would identify 
how the stress relaxation behaviour of  
textile structures, especially worsted fab-
rics, interacts with other variables. 

This paper mainly focuses on develop-
ing the system which is summarised  
above. The stress relaxation behaviour 
of  worsted fabric was  considered with 
slight changes in the experimental instru-

Table 1. Structural properties of woven fabrics along weft direction; Notes:* w: wool; p: 
polyester.

Fabric 
code

Linear 
density, tex

Fabric density, 
pick per cm

Weights, 
g/m2

Thickness,  
mm

Fabric 
construction

Fibre 
content, %

A 50

24

257 0.94

Twill 2/2

45w-55p*
B 38 236 0.92
C

50

264

0.93

35w-65p
D 258 10w-90p
E 18 235

35w-65p
F 20 246
G

45 19
226 0.90

45w-55pH 224 0.91 Plain 1/1
I 223 0.88 Hopsack 2/2
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can gently rotate and move downwards 
around the spiral shaft over  intermedi-
ate gears equipped with a stepper motor 
(Model Sanyo Denki, Type 103H 89222-
6341, 22 kg.cm). The speed of the step-

per motor in this study varied in three 
levels for each run of the experiment in 
a clockwise rotational direction. These 
parameters were adjusted and controlled 
through the electronically intermediate 

board using Labview software Ver.  6 
(National Instrument Co.) [22]. Standard 
conditions of 22 ± 2 ºC and 65 ± 2 per-
cent r.h. were retained throughout the 
experiments. Typical diagrams of stress 
relaxation versus constant torsional strain 
for sample B are shown in Figure 1.

Values of the torsional force were contin-
uously measured along each direction of 
the samples individually,  making use of 
the load cell (Model BONGSHIN, Type 
DBBP-S-Beam, 20 kg, South Korea) 
which is attached to the bottom disk.  The 
maximum torsional force was recorded at 
a point where the fabric was completely 
rolled around the main shaft and loading 
was ceased, after which the sample was 
left to relax for an appropriate time (see 
Figure 1). The minimum torsional force 
was recorded at a later point where the 
fabric had mostly recovered from the tor-
sional strains and the trend had leveled 
off, as shown in Figure 1. The stress re-
laxation behaviour of the fabrics was cal-
culated differently for samples strained 

Figure 1. Typical diagrams of stress relaxation against con-
stant torsional strain for fabric type B along warp direction 
for the three speeds, a) 22 m/min, b) 24 m/min, c) 26 m/min.

Table 2. Results of stress relaxation at three speeds at 300 seconds; Note: Mean value; 
Numbers in parentheses are the standard deviation.

Fabric
code

Stress relaxation (%) at different speeds of the spiral shaft (m/min)
22 24 26

warp weft warp weft warp weft

A 74.89
(1.86)

100
(0)

76.10
(4.2)

42.03
(3.64)

37.27
(3.36)

37.31
(3.4)

B 61.98
(2.1)

71.30
(2.58)

33.57
(4.11)

92.22
(4.36)

36.11
(4.49)

66.36
(3.36)

C 51.12
(1.7)

52.30
(2.61)

38.33
(4.9)

75.23
(3.53)

21.04
(3.61)

26.21
(4.06)

D 46.52
(1.66)

66.08
(2.29)

42.49
(3.87)

42.86
(3.94)

28.15
(3.89)

30.28
(3.15)

E 71.5
(2.29)0

87.19
(1.9)

55.37
(3.94)

100
(0)

35.17
(3.49)

81.70
(3.63)

F 55.48
(2.36)

100
(0)

54.79
(3.83)

89.10
(4.57)

23.48
(3.21)

37.30
(3.79)

G 89.28
(1.78)

100
(0)

93.02
(4.27)

96.07
(3.57)

40.95
(4.09)

32.48
(3.85)

H 51.43
(2.9)

72.38
(2.87)

85.53
(3.58)

100
(0)

34.38
(3.2)

35.94
(3.79)

I 100
(0)

100
(0)

100
(0)

81.63
(3.67)

68.71
(4.12)

61.29
(3.41)

Time, sTime, s

Time, s

Lo
ad

, g

Lo
ad

, g

Lo
ad

, g

1 40 80 120 160 200 240 280 320 360
0

30

60

90

120

150

180

210

240

270

1 40 80 120 160 200 240 280 320 360
0

40

100

160

220

280

340

400

460

401

1 41 81 121 161 201 241 281 321 361
0

75

125

175

225

275

325

575

625

675

375

425

475

525

a)

c)

b)
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by employing three speed of the spiral 
shaft (22, 24 and 26 m/min) at 300 sec-
onds. Equations 1 and 2 were developed 
for measuring the stress relaxation per-
centages and ultimate stresses, respec-
tively [22]:

Stress relaxation = 

100×
−

=
Max

MinMax

Stress
StressStress(%)laxationReStress , %  (1)

Where the stress can be measured as be-
low: 

rt
TStress
π

=
2

                    (2)

where T is the torsional force in N, r de-
notes the radius in mm, and t the thick-
ness in mm. 54 tests were carried out 
with nine fabrics and three speeds of the 
spiral shaft in different directions of the 
samples. Each test was repeated 5 times 
and the average along with  the standard 
deviation were reported. The experimen-
tal results are expressed as a percentage 
set at any time for fabric stress relaxation 
in the warp and weft directions. Table 2 
summarises the numerical values calcu-
lated for the recovery of each individual 
specimen.  

The table above draws attention to the 
fact that the stress relaxation behaviour 
of the samples  showed different trends 
in each condition. The experimental 
work which was carried out to establish 
the time-dependant behaviour of worsted 
fabrics associated with either structural 
properties or the speed of the spiral shaft 
from the instrument (experimental speed 
effect) will be comprehensively dis-
cussed in detail in the following sections.

n	 Result and discussion
The results of stress relaxation measure-
ment under constant torsional strain at 
three different speeds of the spiral shaft 
are discussed herein. As  first step the 
time-dependant strain recovery of the 
samples were examined only in relation 
to fabric type. 

Stress relaxation mechanism
Statistical evaluation was performed on 
the fabric type’s effect on fabric stress re-
laxation by means of the one way analy-
sis of variance (ANOVA) test method. 
Table 3 lists  ANOVA statistical analysis 
results for stress relaxation in each direc-
tion of samples at a 5% confidence limit. 
As shown in this table, stress relaxation 

along the warp and weft directions at the 
three speeds was significantly influenced 
by the fabric types, meaning that when 
considering the different types of woven 
fabrics, due to the tightness or looseness 
of the structure,   various stress relaxation 
could be observed even for slightly dis-
similar fabrics. 

This table also table shows the effect 
of fabric types on the strain recovery of 
the samples regardless of speed influ-
ences. The following parts will discuss 
the structural behaviour of samples under 
torsional strain for each speed  of the spi-
ral shaft. 

Stress relaxation at the minimum 
speed (22 m/min)
The relationship between structural prop-
erties with a capability of strain recovery 
in worsted fabrics can be found by ref-
erencing  the classifications of Figure 2. 
The stress relaxation amounts were cal-
culated for both directions of warp and 
weft, which are visually shown below. 

As is clearly shown in Figure 2, the per-
centage of stress relaxation in the weft di-
rection for each sample is comparatively 
higher than that for the warp direction. 
Furthermore analysis of results from 
the figure below for relaxation phenom-
ena indicates that with increasing the 
wool content, for example, in sample A 
the stress relaxation shows considerable  
improvement along both principle direc-
tions. According to the woven structure 
of the current sample, it could be stated 
that the inter-fibre frictional stresses 
can have the possibility to dominate the 
structure resulting in real strain recovery 

[20]. In addition, the slippage and rota-
tion of cross-over yarns that form the fab-
ric could start when the force enacted on 
the fabric becomes larger than the fric-
tional restraint. Even so, this observation 
was not consistently made for the other 
specimens with the same content of wool 
and polyester, such as B and G. There 
seems to be  other predominant param-
eters that have a significant influence on 
the stress relaxation of the later samples. 
In view of this fact, the deviation from  
rational stress relaxation behavior might 
occur due to the difference between yarn 
count and pick per cm along the weft di-
rection of these specimens. On the other 
hand, for samples C and D the time-
dependant behaviour was reported to be 
lower by about at least 50%, which could 
be associated with the higher deforma-
tion and restrictive elasticity of the poly-
ester fibres versus the constant torsional 
strain, meaning that  plastic deformation 
took place while the maximum torsional 
process was being recorded. The highest 
quantity of recovery after unloading the 
fabric was obtained for the sample with 
a Hopsack fabric design . Since the fab-
ric structure is an influential parameter in 

Table 3. Summary of ANOVA statistical 
analysis results for woven fabrics’ stress re-
laxation at 22, 24 and 26 m/min; Notes: +: 
significance between data.

Experimental speed
Stress relaxation

 warp weft 
Minimum speed  

at 22 m/min + +

Medium speed  
at 24 m/min + +

Maximum speed  
at 26 m/min + +

Figure 2. Stress relaxation along warp and weft directions at 22 m/min.

S
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itself, the role of the thickness and fabric 
weight, which intrinsically present the 
significant interaction of fibres within the 
structure, could not be neglected. There-
fore fabrics with a lower amount of thick-
ness and weight also indicate a faster re-
covery process. The result agrees reason-
ably well with  previous works [22, 23].   

Stress relaxation at the medium speed 
(24 m/min)
In this part the stress relaxation of speci-
mens with the same specification was 
measured when the pace of the spiral 
shaft in the stress-relaxation tester was 
increased by 2 m/min. Since the rotation 
around the main axis took place more 
quickly,  torsional stresses  acted com-
paratively higher than  in the last experi-
ment, which is likely to be the overreact-
ing of  samples in order to sustain further 
torsional strain. Results obtained dealing 
with the parameters of fabrics subjected 
to higher strain rates are presented in 
Figure 3.  

Fabrics were exposed to a higher stress 
rate and it was expected that their be-
havior could be more precisely predicted 
through the broad stress relaxation do-
main. Comparing Figures 2 and 3, the re-
laxation percent of samples under lower 
loading shows less splitting averages. 
However, stress relaxation for the speci-
mens under larger strain rates had wider 
averages especially along the warp direc-
tion (Figure 3). Primarily it was the logi-
cal presumption that the ability of strain 
recovery of the samples could be reduced 
with increasing the torsional stress around 
and over the yield point. Moreover below 
this area, with increasing the torsional 

loads, a higher stress relaxation percent-
age could be observed; however, some oc-
casional deviations from the fundamental 
viscoelastic behaviour occur caused by 
the structural properties of woven fabrics. 
A noticeable factor from  Figure 3 is the 
minimum stress relaxation percent  ob-
served for fabrics B, C and D in the warp 
direction; although the maximum amount 
is still shown from  sample I. In addition 
to that, it should be pointed out that the 
dominant factor for the stress relaxation 
trend of those samples with a Twill fab-
ric construction was the weft direction 
instead of the warp . Whereas along the 
weft direction sample D still shows  lower 
stress relaxation,  the story for sample A  
changed in comparison with the result 
from Figure 2. The highest stress relaxa-
tion percent was already obtained while 
the speed of the spiral shaft was 22 m/min, 
whereas the lowest stress relaxation was 
observed with an increase in speed. With 
increasing the torsional loads,  permanent 
deformation began, presumably due to 
either variation in behaviour from elastic 
to plastic deformation of constituents or 
the internal complexity of the structure, 
which is attributed to the thickness, fab-
ric density and yarn count. As mentioned 
earlier the role of the inter-fibre friction 
of yarns cannot be negligible, since its 
influence is in an opposite fashion in this 
particular case. 

Figure 3 visually presents that the stress 
relaxation percentages of woven fabrics 
in the weft direction were more than that 
of the warp direction, except for fabrics 
A and I. Regarding  the results presented, 
the higher stress relaxation is obtained 
for fabric I, whereas the minimum stress 

relaxation percent is presented by fabric 
B along with fabric C in the warp direc-
tion. This   clearly shows that in the weft 
direction with reducing the pick per cm 
the capability of  stress recovery for the 
specimens significantly grows  (fabrics E, 
G and H). This increasing rate might be 
borne out in the rigidity of the structure in 
relation to the more or less pick per cm in 
the weft direction. In contrast, the stress 
relaxation percent decreases when the 
pick per cm increased (fabrics A, C and 
D). The results are comparatively in good 
agreement with  previous works [22, 23].   

Stress relaxation at the maximum 
speed (26 m/min)
The maximum speed of the spiral shaft 
was adjusted to 26 m/min. Because of 
the quicker rotational motion of the main 
shaft, greater torsional stresses became 
relatively available to rotate the fabrics. 
The stress relaxation of the samples was 
recorded, the mean values of which are 
shown in Figure 4.

Figure 4 depicts that  larger amounts of 
stress relaxation of woven fabrics in the 
weft direction (except samples G and I) 
are obtained even more than  in the warp 
direction. It also shows that  specimens C 
and F presented the lowest stress relaxa-
tion percent, which was for a 65% poly-
ester and 35% wool content, respectively. 
Because of the low pick per cm the maxi-
mum stress relaxation percent was ob-
tained for samples G and I. For the stress 
relaxation behaviour in the weft direc-
tion, from the classification in Figure 4, 
the sample which has greater pick per cm 
shows the lowest stress relaxation per-
cent (Sample C), whereas the maximum 

Figure 4. Stress relaxation along warp and weft directions at  
26 m/min.

Figure 3. Stress relaxation along warp and weft directions at  
24 m/min. 
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stress relaxation percentage was obtained 
for sample E because of the lower pick 
per cm. A conclusion could be made that 
the yarn content along the weft direction, 
fabric construction in the warp direction 
and the pick per cm in the weft direction 
are effective predominant parameters for 
the stress relaxation percent at this speed  
of the spiral shaft. 

Overall comparison of stress 
relaxations
Along warp direction
In the last part the stress recovery of wor-
sted fabrics was discussed in terms of 
the torsional stress versus the structural 
properties at different speeds of the spiral 
shaft. Since the stress recovery of fabrics 
is time dependent,  it is very beneficial to 
consider how the structure reacts during 
the time after releasing the load. In or-
der to make the concept more precise the 
stress relaxation procedure of sample D 
was carried out during 160 seconds after 
eliminating the torsional load along the 
warp direction. Figure 5 shows the three 
different trends for each individual speed 
of the main shaft, which presents a varied 
rotational load over  specimen D.

As shown in Figure 5, over the first 
ten seconds torsional stress at the three 
speeds considerably decreased, since the 
stresses from the minimum and medium 
speeds of the spiral shaft lie consistently 
beneath the maximum one. It is notice-
able that the crucial area to recover from 
most stresses upon the specimen is with-
in the short period of time straightaway 
after releasing the torsional stress. After 
ten seconds the behaviour of the fabric 
in releasing residual stresses becomes 

more stable. It is quite clear from Fig-
ure 5 that when the structure has suf-
fered greater torsional forces (26 m/min), 
the reduction in the residual stress slope 
falls  more  than  for the smaller torsional 
stress. Regarding this explanation, the 
elasticity of the specimen plays a criti-
cal role in overcoming torsional stress, 
although the structure was made from the 
minimum constituent of wool fibres. 

Along the weft direction
In the previous part, the stress recovery 
of worsted fabrics is discussed in terms 
of unloading torsional strain versus the 
relaxation time through the different 
speeds of the spiral shaft for a particular 
sample in the warp direction. As present-
ed in the latest parts the stress recovery 
of fabrics changes in a different fash-
ion from the warp direction to the weft; 
however, it has to be evaluated  how the 
structure responds during the time after 
releasing the load in the weft direction. 
For instance in fabric I, the stress relaxa-
tion procedure was recorded during the 
160 seconds after getting rid of the tor-
sional load. Figure 6 presents three dif-
ferent trends for each individual speed of 
the main shaft, which illustrate the varied 
rotational load upon specimen I.  

It is readily observed from Figure 6 
that the stress relaxation curve for fab-
ric type I shows a significant reduction 
after releasing the torsional strain when 
the speed was adjusted to 26 m/min. Af-
ter recovering just over 50% of residual 
stresses in the first 20 seconds, the trend 
roughly becomes flat or at least with 
fewer variations towards the end of the 
test period (solid line). The same trend as 

Figure 5. Stress relaxation of fabric type D in three speeds towards 
warp direction.

Figure 6. Stress relaxation fabric type I in three speeds along weft 
direction.

presented in Figure 5 is seen for current 
sample (I) in terms of remarkable dif-
ferences of recovering torsional stresses 
from each pace of experiment. It means 
that the stresses for specimens along 
both weft and warp direction at 26 m/min  
stood over two lower speed of experi-
ment. Moreover although the stresses 
from 22 and 24 m/min are properly re-
covered in the first 20 seconds,  sample 
(I) shows a precipitate reduction trend of 
releasing the whole of the residual stress 
when the speed was adjusted to 24 m/min.  
Eventually the structural properties stim-
ulate the specimen by recovering from 
most of the deformation due to  torsional 
stresses instantly after the unloading pro-
cess. 

Viscoelastic model implementation 
When  torsional strain is applied to a fab-
ric and kept constant through  time, the 
stresses exerted will either be partially or 
completely recovered through the equi-
librium value (Figure 5 and 6). In other 
words, this phenomenon arises because 
the recovery forces of fabric are being 
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Figure 7. Generalised viscoelastic Max-
well’s model [1]. 
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destroyed during relaxation. As discussed 
earlier, the structural properties of the 
fabric play an important role in prefect 
stress recovery when the specimen is un-
loaded. To establish a clear understanding 
of this relationship and see whether this 
correlation would be observable between 
the structural properties and viscoelastic 
behavior of the worsted fabrics, two me-
chanical models based on Maxwell’s and 
three-component Maxwell’s models with 
a parallel-connect nonlinear spring were 
adopted as convenient tools[1].  

Generalised Maxwell Model
To simplify the matter further, a Max-
well’s model is developed which consists 
of a straightforward serial connection of 
the linear Hook’s spring and Newton’s 
dashpot, as shown in Figure 7. The ex-
pression for this model under constant 
deformation can be presented as Equa-
tion 3 [1]. 

τ
−

s=s
t

e)t()t( 0
                (3)

where σ(t) is final stress (N/cm2), σ(t0) 
is initial stress of each part, t is time and  
t = m/E is the relaxation time of each part. 
These parameters were measured from 
the outputs of the cylindrical recovery 
tester. The correlation coefficients were 
statistically obtained for stress relaxation 
values under a constant torsional strain 
at three different speeds (22, 24 and 26 
m/min) along both directions. Results 
are represented in Tables 4, 5 and 6. 

Tables 4 to 6 show a good correlation 
coefficient between the stress relaxation 
of some specimens with parameters of 
the model has been obtained. Apart from 

Table 4. Correlation coefficients of Maxwell’s Model with experimental curve for woven 
fabrics at 22 m/min.

Fabric code
σ(t0) τ Correlation coefficient

warp weft warp weft warp weft
A 0.29 - 0.016 - 0.89 -
B 0.65 0.42 0.005 0.009 0.75 0.91
C 0.97 0.72 0.004 0.004 0.78 0.84
D 0.82 0.42 0.003 0.007 0.79 0.87
E 0.34 0.21 0.010 0.020 0.84 0.82
F 0.57 - 0.004 - 0.80 -
G 0.36 - 0.024 - 0.90 -
H 0.75 0.50 0.005 0.010 0.89 0.88
I - - - - - -

Table 5. Correlation coefficients of Maxwell’s Model with experimental curve for woven 
fabrics at 24 m/min.

Fabric code
σ(t0) τ Correlation coefficient

warp weft warp weft warp weft
A 0.52 0.98 0.010 0.002 0.86 0.74
B 1.36 0.22 0.002 0.090 0.89 0.97
C 1.73 0.47 0.002 0.009 0.86 0.87
D 0.82 0.81 0.003 0.002 0.84 0.84
E 1.05 - 0.005 - 0.86 -
F 0.57 0.33 0.004 0.030 0.77 0.92
G 0.35 - 0.050 - 0.97 -
H 0.31 1.99 0.020 0.010 0.87 0.94
I - - - - - -

Table 6. Correlation coefficients of Maxwell’s Model with experimental curve for woven 
fabrics at 26 m/min.

Fabric code
σ(t0) τ Correlation coefficient

warp weft warp weft warp weft
A 2.03 1.30 0.002 0.002 0.86 0.81
B 1.85 0.57 0.001 0.006 0.71 0.86
C 2.17 2.06 0.001 0.001 0.82 0.80
D 2.32 0.79 0.001 0.004 0.76 0.90
E 0.89 0.41 0.001 0.010 0.79 0.78
F 1.63 1.23 0.001 0.002 0.82 0.77
G 1.79 0.75 0.002 0.001 0.79 0.79
H 0.98 2.18 0.002 0.002 0.78 0.70
I 0.99 0.65 0.006 0.005 0.72 0.83

Figure 8. Experimental curve fitted with Maxwell’s model for fabric 
type C at 26 m/min for wrap direction.

Figure 9. Three components Maxwell’s model with parallel-con-
nect nonlinear spring [1]. 
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fabric type I, which already has a 100%  
stress relaxation value,  statistical evalu-
ation was preformed with different rela-
tive correlations for other samples. The 
correlation coefficient for specimen (I) 
did not make  great sense when all the 
stresses had already been recovered, and 
the equation does not give significant 
values, especially for 22 and 24 m/min.  
It is of considerable interest to note that 
a higher correlation coefficient was ob-
tained for those samples  stressed by 
the 24 m/min rotational speed, whereas 
a lower correlation coefficient was cal-
culated comparatively for samples at a 
26 m/min speed of the spiral shaft. It has 
formerly been shown that (see page 68) 
the samples under torsional stress from 

26 m/min had the worst stress relaxation 
recovery in most cases. It can also be 
stated that with increasing the torsional 
stresses,  deviation from the linear vis-
coelastic behavior becomes more attain-
able. Figure  8 shows typical graphs of 
Maxwell’s model curve for fabric type C 
along with an experimental stress relaxa-
tion curve at 26 m/min along the warp di-
rection. The solid curve presents results 
calculated from the model, while the dot-
ted line shows the experimental results.

As can be seen, the predicted and experi-
mental curves are in poor agreement for 
specimen C, which is due to the fact that 
a higher strain is applied to the structure, 
although the  stress response is too small. 

The correlation coefficient measured for 
this specimen from Table 7 is around 
82%.

Three component Maxwell’s model 
with parallel-connect nonlinear spring
In the current step the multi component 
Maxwell’s model was employed to fit 
the mean fabric stress and relaxation pa-
rameters, supposing that the mechanical 
models with a greater number of basic 
components may explain the relaxation 
curve better. As shown in Figure 9, this 
model  consists of four elements in total, 
three Maxwell’s model parallelised by a 
nonlinear spring. The non-linear spring 
was preferred to add to the general Max-
well’s model in order to obtain better 

Table 7. Results of curve fitting experimental data with three component Maxwell’s Model with parallel-connect nonlinear spring at  
22 m/min speed along with correlation of coefficients.

Fabric 
code

σ1 σ2 σ3 τ1 τ2 τ3 b ε Correlation 
coefficient

warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft
A 0.22 0.11 0.22 0.10 0.22 0.11 673.9 25.75 573.3 11.86 573.2 0.67 0.89 0.07 0.99 0.31 0.75 0.99
B 0.27 0.27 0.28 0.27 0.19 0.27 10.96 522.8 312.4 511.1 3.5 579.7 0.44 1.05 0.67 1.06 0.99 0.84
C - 0.13 - 0.15 - 0.22 - 46.33 - 45.38 - 4.75 - 0.64 - 0.81 - 0.99
D 0.28 - 0.14 - 0.07 - 6.51 - 62.9 - 36.73 - 0.74 - 0.87 - 0.99 -
E - - - - - - - - - - - - - - - - - -
F 0.40 - 0.40 - 0.40 - 776.3 - 778.6 - 851.3 - 1.28 - 1.17 - 0.75 -
G 0.33 0.01 0.33 0.02 0.33 0.02 654.1 5.25 737.1 14.41 739.7 13.44 1.04 0.002 1.08 0.08 0.73 0.99
H 0.17 - 0.17 - 0.17 - 54.75 - 57.37 - 2.42 - 0.63 - 0.80 - 0.99 -
I 0.03 0.005 0.04 0.005 0.04 0.004 2.28 4.96 3.24 5.23 3.24 4.99 0.004 0.002 0.10 0.07 0.99 0.99

Table 8. Results of curve fitting experimental data with three component Maxwell’s Model with parallel-connect nonlinear spring at  
24 m/min speed along with correlation of coefficients.

Fabric 
code

σ1 σ2 σ3 τ1 τ2 τ3 b ε Correlation 
coefficient

warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft
A 0.33 0.16 0.33 0.21 0.32 0.24 648.8 239.1 648.1 13.55 739.7 13.56 1.16 0.79 1.11 0.89 0.78 0.99
B 0.18 - 0.18 - 0.18 - 42.01 - 42.14 - 42.12 - 0.99 - 0.99 - 0.98 -
C 0.25 0.49 0.25 0.49 0.25 0.49 32.71 1023.4 32.6 935.3 32.91 935.1 1.12 1.28 1.06 1.20 0.99 0.77
D 0.14 0.12 0.18 0.12 0.34 0.12 9.55 28.65 9.57 28.65 252.4 28.65 0.61 0.76 0.78 0.88 0.99 0.99
E - 0.08 - 0.08 - 0.08 - 710.8 - 823.3 - 862.2 - 0.47 - 0.77 - 0.60
F 0.44 0.13 0.44 0.14 0.44 0.11 1026.1 4.94 1072.2 13.82 1126.7 109.1 1.32 0.008 1.19 0.03 0.72 0.99
G - 0.28 - 0.28 - 0.28 - 1306.8 - 1416.9 - 1388.4 - 0.86 - 1.03 - 0.70
H 0.11 0.62 0.12 0.62 0.12 0.62 16.88 34.13 33.38 34.1 0.45 34.12 0.23 0.66 0.51 0.82 0.99 0.99
I 0.17 0.08 0.17 0.08 0.17 0.08 1502.1 816.2 1477.1 788.3 1410.8 798.1 0.66 0.50 0.91 0.77 0.60 0.60

Table 9. Results of curve fitting experimental data with three component Maxwell’s Model with parallel-connect nonlinear spring at  
26 m/min speed along with correlation of coefficients.

Fabric 
code

σ1 σ2 σ3 τ1 τ2 τ3 b ε Correlation 
coefficient

warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft warp weft
A 1.41 0.18 1.41 0.16 1.41 0.18 1297.1 44.21 1323.5 0.72 1316.4 34.54 2.43 0.99 1.60 0.99 0.82 0.99
B 0.83 0.07 0.83 0.27 0.83 0.20 1156.1 7.79 1090 64.57 1170.2 7.78 2.04 0.48 1.54 0.71 0.68 0.99
C 0.70 0.65 0.70 0.65 0.70 0.65 1181.5 1033.3 1181.4 1012.8 1439.9 1061.7 2.01 1.96 1.45 1.43 0.80 0.78
D 0.59 0.19 0.59 0.19 0.59 0.22 792.8 91.36 832.8 90.54 896.1 2.28 1.96 0.61 1.44 0.79 0.74 0.99
E 0.17 0.46 0.11 0.46 0.11 0.46 72.86 1148.8 7.41 1035.7 0.54 1067.3 0.83 1.22 0.91 1.18 0.99 0.65
F 0.11 - 0.11 - 0.26 - 0.79 - 5.89 - 64.94 - 1.16 - 1.08 - 0.99 -
G 0.30 0.09 0.30 0.16 0.30 0.09 22.54 6.14 22.54 67.04 22.54 0.55 1.15 0.75 1.07 0.87 0.99 0.99
H 1.45 0.83 1.45 0.83 1.45 0.83 1727.6 1005.2 1671.4 965.1 1655.8 1063.8 2.44 2.10 1.61 1.48 0.75 0.67
I - 0.21 - 0.20 - 0.24 - 14.08 - 12.02 - 202.3 - 0.48 - 0.70 - 0.99
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agreement of  stress values with the ex-
perimental curves. Equation 4 expresses 
the stress relaxation for this model [1].  

00 0

31 2

( )( ) ( )
2

1 0 2 0 3 0 0( ) ( ) ( ) ( ) ( )
t tt t t t

t t e t e t e b tττ τs s s s ε
−− −

−− −

= + + +
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−− −

−− −

= + + +
        

 (4)

These parameters from the above equa-
tion were measured from the outputs of 
the cylindrical recovery tester. The cor-
relation coefficients were calculated for 
stress relaxation values under constant 
torsional strain at three different speeds 
(22, 24 and 26 m/min) along both direc-
tions. Results are given in Tables 7, 8  
and 9 (see page 71).

As illustrated in the Tables above, mas-
sive calculation must be carried out to 
obtain appropriate evidence from the 
multi component model along with ex-
perimental results. Although it could be 
a drawback of this model due to having 
numbers of basic elements to be calcu-
lated, its performance to predict more 
accurate values is quite remarkable. Ow-
ing to this fact the best agreement with 
the experimental relaxation curve of the 
fabrics analysed was reported accompa-
nied by a high correlation coefficient. 
The minimum correlation coefficient 
was observed for  sample (I) when the 
speed was adjusted to 24  m/min. For 
the same fabric the linear viscoelastic 
behavior has been reported at 26 m/min  
with fitting through the generalized 
Maxwell’s model (Table 6); however, 
the non-linear model is not able to de-
scribe the viscoelastic behaviour of this 
sample along warp direction (Table 9). 
On the other hand, when the speed of 

the experiment goes up by 2 m/min then 
the viscoelastic behaviour of the recent 
specimen shows great significance along 
the weft direction. It could be concluded 
that with increasing the experiment’s 
speed,  deviation from the linear behav-
iour of worsted fabric to the non-linear 
behaviour becomes quite manifested. 
Therefore the three component Max-
well’s model with a parallel-connect 
nonlinear spring acts as a powerful 
model when the fabrics show  non-linear 
viscoelastic behaviour during  recovery 
from torsional stresses. Figure 10 shows 
typical graphs of the multi component 
Maxwell’s model curve for fabric type 
F along with an experimental stress re-
laxation curve for 24 m/min in the warp 
direction. The solid curve presents the 
results calculated from the model, while 
the dotted curve shows the experimental 
results.

Figure 10 presents that the predicted and 
experimental curves are  in good agree-
ment for specimen F. It turned out that 
with adding the non-linear spring within 
the Maxwell’s model, there was a better 
ability to state  precisely what the stress 
relaxation behaviour of the worsted fab-
ric could be under constant torsional 
strain. The correlation coefficient meas-
ured for this specimen from Table 14 is 
around 99%. 

n	 Conclusion 
The aim of this paper was to evaluate 
the effect of experimental speed (spi-
ral shaft speed) on the stress relaxation 
of worsted fabrics while maintaining a 
constant torsional strain. For this pur-

pose three different speeds of the spiral 
shaft in a stress relaxation tester were 
consecutively adjusted. The result of this 
experiment showed that with increasing 
the speed of the experiment the stress 
relaxation decreases, but the residual 
stresses in woven fabrics increases. This 
behaviour becomes more controversial 
when the content and structural proper-
ties of the specimens change. The result 
also illustrated that the stress relaxation 
behaviour of woven fabrics is related to 
the viscoelastic properties of fibres used 
and to properties of fabrics such as fab-
ric density (pick per cm), fabric content 
and fabric construction. In such a way, 
when the fabric density in pick per cm 
increases the stress relaxation percent 
decreases. In order to justify the matter 
further, stress relaxation curves corre-
sponding to the three Maxwell’s model 
with a parallel connect nonlinear spring 
were appropriately fitted in comparison 
with the curve fitting of results with the 
generalised Maxwell’s model. 
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