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Abstract. In this work, the handfeel of fabrics made of wood-based fibers such as viscose,
modal and Lyocell was investigated in relation to cotton fabrics applying the Tissue
Softness Analyzer (TSA) method in comparison to other classical methods. Two different
construction groups of textile were investigated. The validity of TSA in assessing textile
softness of these constructions was tested. TSA results were compared to human hand
evaluation as well as to classical physical measurements like drape coefficient, ring pull-
through and Handle-o-meter, as well as a newer device, the Fabric Touch Tester (FTT).
Physical methods as well as human hand assessments mostly agreed on the softest and
smoothest range, but showed different rankings in the harder/rougher side fabrics. TSA
ranking of softness and smoothness corresponded to the rankings by other physical
methods as well as with human hand feel for the basic textile constructions.

1. Introduction
Various approaches to assess fabric handfeel by physical methods have been developed in the last 50 years
such as Kawabata, ring pull-through, Handle-o-meter, drape coefficient etc. [1, 2]. The classical physical
approach simulates the hand by applying a physical force such as squeezing, bending, shearing etc. on the
fabric to receive an equivalent physical response.
A new approach to assess fabric handfeel is offered by the Tissue Softness Analyzer (TSA), which was
developed by Emtec Electronic GmbH. The handfeel can be evaluated by measuring the sonic waves
generated by applying a friction on the fabric. The method is well established in the quality control in the
hygiene tissue sector [3, 4]. Recently, this method is beginning to claim its place in nonwovens and textile
sectors [5]. The rotating part of the TSA generates noise while moving over the fabric surface, which is
captured by the microphone and analyzed into its amplitude signals. In the resulting sonic spectrum, the
signal peak at 750Hz is a measure for the fabric vibration under the rotating part and should correlate with
fabric smoothness, while the peak at 6500Hz occurs through the vibration on the rotating part itself while
moving above the fabric surface and is considered as a measure for the softness of surface fibers. The lower
the generated noise, the smoother resp. softer is the fabric (figure1). A handfeel value (HF) calculated on



the basis of the TS values and the fabric weight and thickness. The used HF calculation algorithm is given
in the device settings and it has been developed based on experience from the hygiene tissue sector. It was
included into this work only for orientation.

Figure 1. TSA
measurement principle
and the resulting
acoustic peaks and
relation to fabric
surface elements

Wood-based cellulosics such as viscose (CV), modal (CMD) and lyocell (CLY) are known to offer softer
fabrics than cotton (CO) and linen [6, 7]. MicroModal® (a registered trademark of Lenzing AG, hereafter
abbreviated µCMD) is a fiber with a fine titer (0.9 dtex) and is well known for its soft touch [8].

The complexity of human feel and subjective judgment goes beyond mechanical fabric properties.
Physical methods are hence expected to cover only a partial aspect of handfeel. Correlation between hand
evaluations and a set of physical measurements can be found when the comparison is limited to well-
defined fabric constructions (depending on the targeted application). In this work we focused on woven
constructions, which represent a wide range of light and heavy apparel and home textile segments,
comparing wood-based fibers with cotton, applying TSA in comparison to other classical methods as well
to human perception.

2. Experimental

All fabrics were produced by Lenzing AG. The following methods and instruments were employed to
assess the fabric hand. If nothing else mentioned, all evaluations took place on the fabric right side. The
tests a-d hereafter were performed at Lenzing AG. The fabrics were conditioned at 23°C and 50% RH
a. Handle-o-meter measurements is leaned to the EDANA norm test WSP 90.3. Test principle is
measuring the force required for inserting a 20x20 squared fabric into a 6.4 mm slit [9]. The fabric is
measured on both sides and in both directions. The average value is given in Newton [N]. The higher the
force, the stiffer the fabric.
b. Ring pull-through: Round fabric samples of 20 cm diameter, are pulled through a metal ring with
diameter of 2 cm and the displacement/force diagram is measured. The value of maximal force measured
(Fmax) is related to handfeel-relevant parameters such as bending rigidity, friction and compressibility.
c. Drape coefficient was measured following ISO9073-9:2008. Fabric shadow was quantified by
photography and black/white image analysis. Higher drape coefficient means higher bending rigidity.
d. Tissue Softness Analyzer (TSA) measurements were performed using a device supplied by Emtec.
The acoustic signal peaks were given measured in dB V^2 rms. Four specimen of each fabric quality
were measured.
f. Fabric Touch Tester (FTT) measurements were performed by the University of Ghent (UGent). The
physical properties simultaneously measured by this device are bending, friction, roughness, compression
and thermal conductivity. [10, 11] Based on these values, primary handfeel indices such as smoothness,
softness are calculated as well as two global hand indices (total hand and total feel). In this study, we only
consider the bending work (BW) measured by FTT and the active softness and smoothness (mean values of
10 individual measurements).
g. Hand evaluations of selected plain weave fabrics by expert human panels were performed at University
College Gent (HoGent). Four fabrics attributes (softness, smoothness, flexibility and warmth) were



assessed on a 1-10 scale using a questionnaire. The test is executed under standard atmospheric conditions
of 21°C and 65% RH on 24 h pre-conditioned fabrics, according to AATCC5 (2011) evaluation procedure
8.1.2. The test was performed by ten assessors, 5 men and 5 female aged between 36-54, on 20x20 cm
samples. Assessors’ sensitivity was a selection criteria and was tested by JVP Domes method [12]. A non-
expert panel of six person ranked also the fabrics according to their softness. This test was performed at
Lenzing on the heavy atlas fabrics.

3. Results and discussion

3.1. Plain weave fabrics
Light-weight plain weave fabrics (table 1) made of different fiber types in 100% were prepared.

Table 1. Fiber contents and physical properties of the selected plain weave samples

Fabric CO CO/CMD CMD µCMD CLY CV

Mass / unit area
[g/m²]

131 142 141 130 131 143

Thickness [µm] 500 510 370 400 410 400

The fabrics were tested using the TSA, Handle-o-meter and ring-pull-through method. Rankings achieved
by these methods were compared with the expert and non-expert panel evaluations. The results of the TSA
test (figure 2) show that man-made cellulosics exhibit lower TS750 peaks than cotton, meaning smoother
surface, with µCMD fabric being the smoothest. TS7 peaks as shown in figure 2 indicate µCMD and
CO/CMD as the softest fabrics and cotton as the roughest. The CLY, CMD and CV fabrics gave similar
results for softness.

TSA results were compared with Handle-o-meter, drape test and the ring-method measurements. All three
methods are based on the bending of the fabric and we expect consequently a similar outcome. In the
Handle-o-meter measurement (figure 3) µCMD exhibited the lowest bending force, followed by the other
wood-based cellulosics. Cotton showed the highest bending rigidity which can be reduced by adding wood-
based cellulosic. The same trend was measured by the drape test, as shown in the same figure 3. In figure 4
the results of the ring pull-through method are shown which indicate that MicroModal® (µCMD) and
viscose (CV) fabrics exhibited lowest Fmax, followed by CMD and CLY.
Human evaluations were provided by the expert panel that assessed the softness, smoothness and
flexibility on a scale from 1 (worst) to 10 (best). The mean values of the scores given by the 10 assessors
are shown in figure 5. The results of the expert panels show that all wood-based cellulosics are perceived as
softer, smoother and more flexible than cotton. Among the wood-based cellulosics, CMD and µCMD were
evaluated by the expert panels as the smoothness. They were also the softest, closely followed by CLY and
CO/CMD. The TSA results for CO/CMD contradict with other methods, showing less smoothness than
100% cotton. This could be explained by the usually applied higher yarn twist in CMD/CO blends.

Figure 2.TSA measurement on plain weave
fabrics

Figure 3. Drape coefficient [%] and handle-o-meter
results of bending force of plain weave fabrics
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Figure 4. Ring pull-through force (Fmax) of plain
weave

Figure5. Expert panel handfeel evaluation
(scale 1-10) of light woven fabrics

FTT results for softness and smoothness are shown in figure 6. An Anova analysis (alfa=0.05) was
performed to identify significant differences between the fabrics. A post-hoc Tukey test showed a
significant difference (p<0.05) between the smoothness of the µCMD fabrics and two cotton fabrics,
with µCMD and CMD being the smoothest, as shown by the non-overlapping bars of the chart left.
Similarly, the figure right indicates the CMD as the softest, followed by µCMD. All wood-based
cellulosic fabrics were found to be significantly softer and smoother than CO. The µCMD and CMD
fabrics showed by best hand among the wood-based cellulosics

Figure 6.
Active
smoothness and
softness
Calculated by
FTT system

3.2. Heavy atlas fabrics

Heavy atlas 4/1 fabrics of identical construction parameters and different fiber contents in warp and weft
were woven as shown in table 2 and the effect of minority CLY (25% or 50%) on handfeel of cotton and
polyester blended fabrics was investigated by TSA, drape coefficient, Handle-o-meter and FTT. The last
two instruments measured the fabrics in warp and weft direction.

Table 2. Yarn blends and physical properties of atlas 4/1 fabrics with 50% CLY (2954, 2958) or 25%
CLY, M is Mass per unit area, and T the thickness

Fabric
code

Warp
Nm 50/2

Weft
Nm 20/1

M
[g/m²]

T
[µm]

Fabric
code

Warp
Nm 50/2

Weft
Nm 20/1

M
[g/m²]

T [µm]

2953 CLY/PES PES 280 570 2957 CLY/CO CO 277 690
2954 CLY/PES CLY/PES 277 550 2958 CLY/CO CLY/CO 291 660
2955 PES CLY/PES 290 560 2959 CO CO 277 710
2956 PES PES 290 570 2960 CO CLY/CO 280 670

2961 CO PES 289 630

The TSA results are summarized in figure 7. Adding CLY seems to reduce TS750 and TS7 peaks, whereas
the effect differs between warp and weft direction. The fabric bending rigidity was measured in both
directions by handle-o-meter as shown in figure 8. CLY fiber seems to reduce the bending rigidity in weft
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direction. This effect is slight in CO blends (2957, 2958, 2960) and very pronounced in PES blends (2955,
2953, 2954). In PES blends, CLY in the weft direction led additionally to a dramatic decrease of bending
rigidity in warp direction. In CO blends, additional CLY in the warp made no significant change.

Figure 7. Smoothness (TS750) and softness
(TS7) of the atlas fabrics assessed by TSA

Figure 8. Effect of CLY in warp and in weft on
bending rigidity of woven fabrics

Similar trends were observed in the drape coefficient as show in figure 9. In all comparisons, the
fabric with PES/CLY in warp and weft gave the softest results. Human softness evaluation was
provided by a non-expert panel of six assessors ranking the fabrics on a scale of 1 (worst) and 9 (best),
as shown in figure 10. Humans seem to agree in the softer range. On the harder side the variance is
high. It is to be remembered that these fabrics are similar and contain only 25% CLY, except for
fabrics 2954 (PES/CLY) and 2958 (CO/CLY) with 50% CLY.

Figure 11. FTT bending work (BW) in warp and weft (left), smoothness and softness values (right)

Figure 11 (left), shows the FTT measurement of fabric bending work. It shows that CLY/PES blends
have significantly less bending work than cotton and CO/CLY blends. Blending CLY to the warp or to
the weft improves the fabric bending in the respective direction. This is more significant in the
polyester blends and in the weft direction. Figure 11 (right) shows FTT primary hand values, where
fabric 2954 (CLY/PES blend in warp and weft) is taken as reference.
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Figure 9. Effect of blending CLY on the
drape of woven fabrics

Figure 10. Overall handfeel of atlas fabrics
assessed by non-expert panels
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It can be concluded, that all methods show similar trends in determining the softer and smoother
fabrics and agree on the effect of adding CLY, which appears to have less effect if added to the warp.
Adding CLY to the weft shows a small effect in the cotton fabrics. The effect of adding CLY to PES is
dramatic, especially in the weft.

4. Conclusion

The handfeel advantage of wood-based cellulosics could be assessed on light and heavy woven fabrics both
by objective test methods and subjective methods (panels). Especially the MicroModaL® and modal
fabrics showed excellent handfeel values. TSA technology based on acoustic signals can principally offer a
handfeel assessment that matches human hand evaluations of the tested construction groups so far it can be
matched by a physical measurement. A wide agreement in the extreme ranges of fabric handfeel was
observed. In the middle range, divergences among methods and among hand assessors were observed due
to the similarity fabrics. To solidify this result, further works applying the TSA method on a wider range of
textile constructions and surface treatment are to follow and to provide the basis for the optimization of the
hand feel (HF) calculation system. Comparison measurements by other methods and referring to a reliable
human panel are mandatory for this assessment. It should also be remembered that human handfeel
perception is a sophisticated phenomenon where physical forces play only a partial role. The inclusion of
the thermal aspect (warm/cool feeling) is also of high importance and could not be covered by this study
due to the lack of reliable technology

5. References

[1] El Mogahzy Y E, Kilinc F S Hassan M 2005 Developments in measurement and evaluation of
fabric hand Effect of mechanical and physicalproperties on fabric hand ed M Behery
(Cambridge:Woodhead Publishing Limited) chapter 3 pp. 45–65

[2] Kayseri G Ö, Özdil N and Mengüc G S 2012 Sensorial comfort of textile materials Woven Fabrics
ed H Y Jeon (ISBN: 978-953-51-0607-4, Intech) pp 235 – 266

[3] Grüner G and Grüner A 2011 Method and device for determining the softness of sanitary
papers and textiles US Patent US8082791-B2

[4] Clay C, Pawlowska L and Huang X 2016 Utilising KemView™ sheet analyser to optimise
softness and control the creping process Tissue World Magazine

[5] Grüner A 2016 TSA – Tissue / Nonwovens Softness Analyzer – a new and objective method to
measure the softness of nonwovens and textiles Proc. of Man-Made Fiber Congress
(Dornbirn), available from www.dornbirn-mfc.com

[6] Haudek H V and Vitti E 1980 Textilfasern (Heidelberg: Melliand Textilberichte KG) p247
[7] Hosseini Eavandi S A 2011 Properties of fibers and fabrics that contribute to human comfort

Improving Comfort in Clothing ed G Song (Oxford/Cambridge/Philadelphia/New Delhi:
Woodhead Publishing) chapter 2 pp 61 – 65

[8] See for example https://www.thespruce.com/how-to-wash-modal-clothes-2145794
[9] http://www.thwingalbert.com/handleometer-touch.html
[10] Hu J. Y. et al. (2006) Fabric Touch Tester: Integrated evaluation of thermal-mechanical sensory

properties of polymeric materials. Polymer Testing, 25(8), 1081–1090.
http://doi.org/10.1016/j.polymertesting.

[11] Liao X et al. (2014) A simultaneous measurement method to characterize touch properties of
textile materials. Fibers and Polymers, 15(7), 1548–1559

[12] J.V.P.* DOMES: For Cutaneous Spatial Resolution Measurement, Catalog Number 18020, ©
Stoelting Co., Revised Jan. 97

Acknowledgments

The authors would like to acknowledge VLAIO and AIF for financial support of ERANET-CORNET
research project Touché (2015-2016), conducted by UGent, HoGent and Hohenstein Institute (HIT)



 

 

 

 

 

 

Characterization of fiber diameter using image analysis 

S Baheti and M Tunak 
Department of Textile Evaluation, Faculty of Textile Engineering, Technical 

University of Liberec, Studentska 2, Liberec 46117, Czech Republic 

 

Email: smita.baheti@hotmail.com 

 
Abstract. Due to high surface area and porosity, the applications of nanofibers have increased 

in recent years. In the production process, determination of average fiber diameter and fiber 

orientation is crucial for quality assessment. The objective of present study was to compare the 

relative performance of different methods discussed in literature for estimation of fiber 

diameter. In this work, the existing automated fiber diameter analysis software packages 

available in literature were developed and validated based on simulated images of known fiber 

diameter. Finally, all methods were compared for their reliable and accurate estimation of fiber 

diameter in electro spun nanofiber membranes based on obtained mean and standard deviation.  

 

1. Introduction 

The production of nanofibers by electro spinning has recently become the most popular area of 

scientific and technological activities. Due to their extremely high specific surface area, they are an 

excellent materials for applications in filtration, agro textiles, and medical field [1]. Their efficient 

physical and mechanical performance depends on the structural characteristics (i.e. fiber orientation, 

fiber diameter, pore size, uniformity, fiber crimp, etc)[2–4]. The fiber diameter is one of the most basic 

structural characteristics to decide the higher specific surface area. The extremely small fiber size and 

random orientation of the nanofibers make the measurement of their diameter very difficult [5]. 

Usually, the routine measurements of fiber diameter and its distribution are carried out by manual 

method using ruler. However, this process is very time-consuming and not suitable for automated 

measurements during higher production rate of nanofibers in electro spinning. As a result, the search 

for automated fiber diameter measurement gained significant importance in recent years. The different 

algorithms have been developed for estimation of fiber diameter using image analysis [6–10]. For 

instance, Pourdeyhimi developed the distance transform method which estimated the fiber diameter 

from the distance of fiber centre line to the fiber boundary [11]. Later, Ziabari developed the modified 

distance transform method to overcome the limitations of Pourdeyhimi method of fiber intersection 

points [12,13]. The objective of present study is to compare the relative performance of different 

methods discussed in literature for estimation of fiber diameter. The existing automated fiber diameter 

analysis software packages available in literature were developed and validated based on simulated 

images of known fiber diameter. Therefore, the outcome of this work will provide an idea about 

simple, automated and efficient method of electro spun nanofiber diameter measurement. 

 

2. Theory of the methods 

 

2.1 Image processing operations 

First of all, the acquired images are converted into gray scale images. The image processing operations 

are performed to improve the quality of gray scale images for further image analysis. The contrast 



enhancement is carried out via adjusting the image intensity values. The two dimensional median filter 

is often applied to remove noise. The grayscale images are then converted into binary images using the 

initial segmentation. The advantage of obtaining binary image is that it reduces the complexity of the 

data and simplifies the process of recognition and classification. Thresholding is the simplest method 

of image segmentation, where each pixel in the source image is assigned to two or more classes. 

Therefore, thresholding is used to split an image into smaller segments, or junks, using at least one 

colour or gray scale value to define their boundary. In general, there are two types of thresholding 

algorithms. The global thresholding is the typical way, where a single constant threshold, usually 

selected by trial and error, is applied to segment the image.The global threshold is applicable when the 

intensity distribution of objects and background pixels are sufficiently distinct. There are a number of 

global thresholding techniques such as: Otsu, optimal thresholding, histogram analysis, iterative 

thresholding, maximum correlation thresholding, clustering, multispectral and multi thresholding. 

However, global thresholding is very sensitive to any inhomogeneities in the gray-level distributions 

of the object and background pixels. This effect can be eliminated through the use of a local 

thresholding scheme, where the image is divided into sub images which have fair homogeneities and 

different thresholds are applied to segment the sub images [14]. 

 

2.2 Pourdeyhimi method 

In this method, a binary image is used to create a distance map and skeleton. The center points of the 

object which are equidistant from two closest points of the object’s boundary are obtained using 

medial axis transformation and set to as skeleton. The thinning operation removes the pixels on the 

boundary of the object without allowing it to break apart, thereby shrinking a thick object to a centrally 

located one-pixel width object. Further, the pruning operation cleans the short spurs generated on fiber 

surface. Therefore, the skeleton of an object is defined as the corresponding object with one-pixel 

width. The skeleton acts as a guide for tracking the distance transformed image and fiber diameters are 

measured from the intensities of the distance map at all points along the skeleton. The distance 

transform represents the minimum distance from each pixel belonging to an object to the background. 

The data in pixels may then be converted to the particular scale and the histogram of fiber diameter 

distribution is plotted. 

 

2.3 Ziabari method 

Ziabari et.al established a new method in which the problem associated with the short spurs and fiber 

intersections was solved [13]. A sliding neighborhood operation is used to identify the location of fiber 

intersection points. Further, the end points of skeleton are removed two times in order to get rid of the 

neighbor of intersection. In this way, the obtained skeleton after deleting the intersections is used as a 

guide for tracking the distance transformed image and the diameters are computed from the intensities 

of this image at all points along the skeleton. 

 

3. Results and discussions 

 

3.1 Manual method 

The manual method normally consists of the following steps. First the scale is set. Then, pixels 

between two edges of a fiber perpendicular to the fiber axis are counted. The number of the pixels is 

then converted to the particular scale and the resulting diameter is recorded. On a typical image, the 

diameter of 100 fibers is measured and the histogram of fiber diameter distribution is plotted. Figure 1 

shows the results of 25 observations for measurement of fiber diameter. 



 

 

 

 

 

 

 

Figure 1. Fiber diameter estimation by manual method 

 

3.2 Distance transform methods 

Figure 2 (a) and (b) shows the SEM image of nanofibrous membrane. The different image processing 

operations were performed to improve the quality of image. The SEM image was then converted into 

binary image in Figure 2 (c) by Otsu thresholding operation.  

   

(a). SEM image  (b). Cropped SEM image  (c). Otsu Thresholding 

Figure 2. Basic image processing operations for distance transform method 
 

3.2.1 Pourdeyhimi method. The skeletonization or thinning procedure was employed to obtain skeleton 

of objects (Figure 3). The skeleton was then superimposed on previous image to obtain the distance 

map. The fiber diameters are measured from the intensities of the distance map at all points along the 

skeleton. Figure 3d shows the histogram of fiber diameter distribution evaluated from Pourdeyhimi 

method [11]. 

  

(a). Distance map image (b). Skeleton image thinning 

Original Image Thresholded Image (Otsu Method)

Distance Transform Matrix Skeleton Image (Thinning)



  

(c). Skeleton image prunning (d). Histogram of fiber distribution  

Figure 3. Fiber diameter estimation by Pourdeyhimi method 
  

At the end, the validation of Pourdeyhimi method was performed on simulated image consisting of 

four intersecting fibers of known diameters (Figure 4). The good level of agreement was found 

between actual results and estimated results of algorithm. This confirmed successful development of 

algorithm for estimation of fiber diameter by Pourdeyhimi method. 

 

  

 

(a) Simulated image (b) Distance transform 

  

(c) Skeleton thinning (d) Skeleton prunning (e) Histogram of fiber diameter distribution 

Figure 4. Validation of Pourdeyhimi method on simulated image 
 

3.2.2 Ziabari method. The modified distance transform method developed by Ziabari is similar to 

Pourdeyhimi method. However, it takes into account the intersection of fibers for more accurate 

estimation of fiber diameter. Figure 5 shows that all fiber intersection points have been successfully 

omitted during fiber diameter estimation. Then, the fiber diameters are measured from the intensities 

of the distance map at remaining points of the skeleton. Figure 5d shows the histogram of fiber 

diameter distribution evaluated from Ziabari method [13].  
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(a). Distance map image (b). Intersection points in image 

  

(c). Image after removing intersection points 
(d). Histogram of fiber diameter 

distribution 

Figure 5. Fiber diameter estimation by Ziabari method 

 
 Finally, the reliability and accuracy of all the three methods was concluded for the estimation of 

fiber diameter in electrospun nanofiber membranes. Table 1 shows the mean, standard deviation and 

coefficient of variance for fiber diameter estimation based on these methods. 

 

Table 1. Comparison of fiber diameter evaluated from different methods 

Parameter Manual method Pourdeyhimi method Ziabari method 

Number of observations 25 16476 4364 

Mean fiber diameter (nm) 375 567.3 424.4 

Standard deviation (nm) 66.84 357.6 166 
 

4. Conclusions 

Fiber diameter is one of the most important structural characteristics in textile fibrous systems. The 

manual methods are often used for measurement of fiber. However, manual methods are not suitable 

for online quality control during high speed production of nanofibers. They are labor intensive, time 

consuming, operator-based and utilize only a low number of measurements. In this study, the concept 

of image analysis was used for automated measurement of fiber diameter in electrospun nanofibrous 

membranes. The distance transform methods suggested Pourdeyhimi and Ziabari were compared for 

their reliability, accuracy and simplicity of measurements. The successful development of algorithms 

was confirmed by validation of these methods on simulated images of known fiber diameters. From 
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statistical analysis, more accurate estimation of fiber diameter was confirmed in case of Ziabari 

method than the Pourdeyhimi method. This was attributed to omission of fiber intersection points 

during diameter measurements. Nevertheless, Pourdeyhimi and Ziabari methods failed to accurately 

estimate the fiber diameter during fiber beading, fiber overlapping, co-joined fibers, or fiber 

crossovers. Therefore, further research is required to overcome these limitations by development of 

versatile and robust new algorithm.  
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Abstract. This paper deals with visualization of flow during cleaning process on a nanofibrous 

filter. Cleaning of a filter is very important part of the filtration process which extends lifetime 

of the filter and improve filtration properties. Cleaning is carried out on flat-sheet filters, where 

particles are deposited on the filter surface and form a filtration cake. The cleaning process 

dislodges the deposited filtration cake, which is loose from the membrane surface to 

the retentate flow. The blocked pores in the filter are opened again and hydrodynamic 

properties are restored. The presented optical method enables to see flow behaviour in a thin 

laser sheet on the inlet side of a tested filter during the cleaning process. The local 

concentration of solid particles is possible to estimate and achieve new information about 

the cleaning process. In the article is described the cleaning process on nanofibrous membranes 

for waste water treatment. The hydrodynamic data were compared to the images of 

the cleaning process. 

1.  Introduction 

Cleaning of a filter is very important part of the filtration process which extends lifetime of the filter 

and improve filtration properties. Cleaning is generally performed on flat-sheet filters, where particles 

are deposited on the filter surface and form a filtration cake. The cleaning process dislodges 

the deposited filtration cake, which is loose from the membrane surface to retentate flow. The blocked 

pores in the filter are opened again and hydrodynamic properties are restored. On the other hand 

the bulk filters are usually disposable, particles inside cannot be sufficiently removed. In the articles 

[1, 6] is described a back flow method for cleaning of air filters. The cleaning method is applied when 

either at a pressure drop limit or after a time interval. The filter surface is treated by laminating, 

calendering, coating or singeing to improve filtration properties as mechanical robustness and 

filtration cake removal. The filter cleaning efficiency was determined according to residual pressure 

drop [6]. 

Direct visual observation (DVO) was used for investigation of back-pulse cleaning method [2]. 

DVO is useful tool for better understanding of the processes on the filter. The optimization of cleaning 

process was carried out by changing back pulse duration, pressure drop and shear velocity rates. It was 

found that multiple short back-pulses were more effective than fewer longer back-pulses at high cross-

flow rate. However if the cross-flow rate is low it applies vice versa. The goal was to find an optimal 

duration between back-flow and permeate flow in order to total net flow of a filter be as high as 



 

 

 

 

 

 

possible. Forward filtration flux versus membrane surface covered by filtration cake determined by 

DVO had linear form in [3]. 

Back-pulsation as a cleaning method was also used in [4, 5]. Chromium hydroxide particles were 

separated by a ceramic membrane in a cross-flow channel and the cleaning was carried out by 

a periodical back-pulsing in [4]. It was also found out that the larger pore diameter is used, the higher 

efficiency the back-pulsing is at high shear velocities 6.5 m/s. The time of the cleaning decreases with 

an increase back-pulse pressure and membrane pore diameter. Cleaning interval is strongly dependant 

on intensity of back-pulse, pore diameter and permeate flow for waste water. Milk was filtered by 

a reversed asymmetric membrane in [5]. The advantage is in lower cake resistance, which is formed 

inside the support layer. Optimization of the cleaning process during a solid-liquid separation was 

carried out in [7]. 

In this article the visualization of the cleaning process is performed by a laser sheet and a digital 

camera. This optical method enables to see flow behavior in a thin laser sheet on inlet side of a tested 

filter during the cleaning process. This optical method brings overall view and new information about 

cleaning processes on filters. More about the visualization of flow and laser anemometry is written in 

[8, 9]. Experiments are performed on a pilot setup for waste water treatment. 

2.  Experimental setup 

The scheme of the filtration setup is shown in figure 1. Contaminated water is stored in a tank and 

the circuit 1 serves for cooling of a submerged pump and for treating water by a germicidal unit 

(UVC, 18 W). The circuit 2 is the main filtration circuit. 

 

 

Figure 1. Scheme of the water filtration setup with the visualization system. 



 

 

 

 

 

 

The sample of a tested filter is mounted into the filtration chamber. Numbers in figure 1 are 

explained subsequently - 1: Reserve tank for contaminated water, 2: Submerged pump 240 V, 

3: Manual ball valves for raw set of flow in the circuit 1 and 2, 4: Filtration chamber, 5: Perforated 

tube serves as an air bubble maker, 6: A nanofibrous filter mounted on a plastic frame, 7: pressure 

reducer, 8: Compressed air supply, 9: Safety valve, 10: digital scale, 11: Measuring cylinder, 

12: Outlet valve, 13: Probe for a water level indicator, 14: Water level indicator, 15: Submerged pump 

for backflow, 16: Ball valves, 17: Digital air flowmeter Testo 6441, 18: Laser module, 19: Laser sheet, 

20: Digital camera. 

Pressure drop is set by a height of the water level. The water level is controlled by unit HRH-1 and 

is more-less constant (500 mm), so the pressure drop Δp [kPa] is also constant (5 kPa). During 

the tests the flow Qv [m
3
/s] through the tested membrane is measured by a digital scale PCB 10000-1. 

Concentration of particles in inlet C1 [ug/l] and outlet C2 is measured by a laboratory nephelometer. 

Cleaning of the filter is performed by air bubbles and by reverse flow, which is set by a small 

submerged pump for 12 V. Inverse pressure drop on the filter is measured by a sensor GMSD 350 

MRE, Greisinger. Ball valve serves for taking away samples of water for analysis. Compressed air is 

brought into the filter chamber and leads to a perforated tube under the filter frame. Air bubbles avoid 

growing of a dense filtration cake on the inlet side of the tested filter. Air flow is stopped only during 

the visualization process because of better visibility. 

The cleaning process is investigated in the filter chamber, where an optical access is allowed, seen 

in figure 2. The flow in the vicinity of the tested filter is illuminated by the laser sheet generated by 

a 30° wobble angle Powell lens and a LED laser module (532 nm, 121 mW). The illuminated area is 

recorded by the digital camera (Pike F-210B/C, 50 fps, 1920 × 1080 px) equipped by lens (Samyang 

35 mm, F1.4). 

 

 

 

 

Figure 2. Picture of the filtration chamber from 

plexiglass and the visualization system. 

 Figure 3. Scattering diagrams for polystyrene 

particles (green line - 0.5 µm, blue line - 0.6 µm 

and red line - 0.4 µm), generated by MiePlot 

software [11]. 
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3.  Experimental and results 

3.1.  Materials and methods 

The tested filter is composed from two layers: an active nanofibrous and a support microfibrous layer. 

Nanofibrous filter is made of polyamide and the support layer is made of polypropylene. 

The nanofibrous layer, made by electrospinning technique, was pressed on the support layer and it was 

laminated. Mean pore size is 0.4 µm and the maximum pore size is 0.8 µm. Air permeability is 6.5 – 

8 m/s·Pa. An active area of the one filter module was 0.2 m
2
 (two filter samples 10 × 100 cm mounted 

on a frame from the each side). 

The testing water was composed from distilled water and artificial particles. The monodisperse 

polystyrene particles are easier detected by a nephelometer compared to the bacteria in real waste 

water. The analysis of this model water is faster and cheaper. According to the Mie theory the 0.5 µm 

particles are the most suitable [10]. They scatter sufficient amount of light in a laser sheet as well as 

they are small enough to simulate most of bacteria in water. The scattering diagram is seen in figure 3. 

The duration of the experiment was 3 days. Flow rate and filtration efficiency were measured. 

The inlet side of the filter was cleaned by air bubbles and flow-rate of air was 50 litres per minute. In 

addition the filter module was three times cleaned by reverse flow after 2, 20 and 50 hours. Reverse 

pressure drop during the reverse flow was 7 kPa and lasts 3 minutes. More over the inlet side of 

the filter was visualized during backflow. 

3.2.  Flowrate and filtration efficiency 

Flowrate was measured by digital scales. Filtration efficiency was calculated from mass concentration 

measured by a nephelometer. The filtration efficiency was measured mainly for the confidence, that 

the filtration samples are not damaged during the tests and the value of flowrate is not changed and 

distorted. The filtration efficiency was 98 %. 

 

 

 

 

Figure 4. Graph of flowrate versus time during 

the cleaning process by reverse flow. 

 Figure 5. Points of flowrate (2, 20 and 

50 hours) versus time after the cleaning of 

a filter. 

 

A graph of flowrate during the cleaning process is seen on figure 4. Flowrate of blocked membrane 

is very low 20 mLPM (a). At point (b) inverse pressure drop was activated. The high inverse flowrate 

(c) is caused by an elasticity of the membrane. The membrane module is gradually filled by water. At 

point (d) the membrane module is full of water and the reverse flow passes only through 

the membrane. The cleaning process starts at this point. Reverse pressure drop is deactivated (e). High 
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flowrate is caused by draining of the membrane module (f). The regenerated flowrate of the cleaned 

membrane is seen at point (g). The reserve flow is started at point (b), but the cleaning process begins 

at point (d), almost one minute after the starting of reverse flow. The cleaning process lasts three 

minutes and ends at point (e), where reverse pressure drop is deactivated. We can see the inertia of 

flow in the membrane module, which is caused by elastic filters. The inertia of flow caused losses of 

the total permeability of the filtration module. The filtration module has to incept a lot of water before 

the cleaning process is activated. It extends a necessary time for the cleaning. Flowrate of 

the regenerated membrane (10 minutes after the cleaning process) in time is seen on figure 5. 

3.3.  Visualization of the cleaning process 

Visualization of the inlet side of a filter during reverse flow (20 hours after the last cleaning by 

reverse flow) is seen on figure 6. We can see four images of the inlet side of the filter and each image 

is taken after 20 seconds. The filtration cake is gradually dislodged from the filter surface. We can see 

in the first image, that the filtration cake is still deposited on the surface. In 20 seconds later (second 

image) the filtration cake is partially released and it divaricates from the surface on next two images. 

The most important part of the cleaning process by reverse flow is at the beginning. 

We can see three images (figure 7) of the cleaning process, where the reverse flow was applied 

after 2, 20 and 50 hours. It is seen not so much significant change of amount of dislodging particles in 

fist two images (2 h and 20 h). The significant change is seen on the third picture (50 h). The decline 

of amount of dislodged particles is caused by a dense filtration cake, which was remained on the filter 

after cleaning by reverse flow. The pictures correspond with flowrates values on figure 5, also the first 

two flowrates are almost the same, but the flowrate after 50 h is much lower because of 

the insufficient cleaning. 

 

 

 

 

Figure 6. The first four pictures of the inlet side of 

a filter during cleaning by reverse flow. 

 Figure 7. Three pictures of the inlet side of 

a filter after 2, 20 and 50 hours of filtering. 

4.  Conclusion 

Cleaning of a filter is performed on flat-sheet filters, where particles are deposited on the inlet filter 

side, form a filtration cake, which blocks pores and significantly decreases permeability. The cleaning 

process keeps the filter surface clean and limits the growth of the filtration cake. In this article, 

the visualization was used to see the cleaning process in time for better description of the cleaning 
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process. The optical method is a promising tool for achievement new information about the cleaning 

mechanism. The method enables to visualize flow in the vicinity of the inlet side of a filter and 

measure the local concentration of testing particles. The visualization system described in the article is 

different compared to the direct observations methods in [2, 3]. Visualization is performed by a laser 

sheet and the digital camera. The experiments were carried out in a pilot filtration plant used to clean 

waste water. 

The hydrodynamic data were compared to the images of the cleaning process during the experiment 

on a pilot setup for waste water treatment. Most of the particles are dislodged from filter surface at 

the beginning of the cleaning process and farther cleaning causes minimum dislodging of the particles. 

The result is similar as in [3]. The beginning of the cleaning process is the most important and it is not 

necessary to stress the membrane furthermore. The cleaning process is more effective when a filter is 

cleaned shortly and sufficiently often. It is seen that 50 h is to long time interval, which caused 

irreversible clogged filter. 
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Abstract. A new automated bending tester was developed in Ghent University, Belgium to 

reduce the human interference in the bending measurement. This paper reports the 

investigations made on the tester in order to confirm the reliability of its measurement. For 

that, 11 types of fabrics with different construction parameters were tested for their bending 

length and flexural rigidity using the new bending tester and the results were compared with 

that of the standard or manual bending tester, which were conducted in accordance with BS 

3356:1990 standard method. Statistical analysis confirms that both measurements are strongly 

correlated with Pearson’s R≥ 0.90 for all the measurements made. It means that the results 

from the new automated tester show good correlations with the standard measurement. 

Nevertheless, this prototype version of the new tester still needs to be adjusted to optimise the 

functionality of it and further investigations should be done to justify the robustness of the 

results.  

1.  Introduction 

Bending behaviour of textile materials is a significant characteristic which largely determines the 

ability of fabrics to drape. Furthermore, it also influenced the formability, handle, flexibility, buckling 

behaviour, wrinkle resistance and crease resistance. The measurement of bending is often 

characterized by its bending or flexural rigidity and hysteresis. Several testing devices offer the 

function to test the bending rigidity of the fabrics. Not only that, they come with various principles of 

measurement such as pure bending principle, folded loop and cantilever methods [1], [2]. 

Pure bending tests are the most complex as compared to the others. Kawabata Evaluation System 

(KES) uses this principle in its bending measurement where the sample is mounted vertically on the 

device and the bending moment is measured as the sample is bent, enabled to obtain moment versus 

curvature results during the bending cycle [3], [4]. Using the same principle, the bending curvature 

could also be measured using Instron as reported by Kocik et. al [5]. This pure bending method was 

also proposed and explained by other researchers in their publications [6]–[8]. Folded loop is another 

principle used to measure bending behavior. By folding a fabric back to itself, a loop-like structure is 

obtained and the height of the folded loop is measured as bending length is found to be proportional to 

it [1], [9]. A commonly used principle, cantilever deformation is a globally accepted principle which 



 

 

 

 

 

 

was originally initiated by Peirce [10]. During the experiment, one edge of the fabric strip is fixed on a 

platform, glided with a ruler and deflected from the platform under its own weight as a cantilever. 

Then, the cantilever length is measured once it reaches a pre-determined deflection angle [11], [12]. 

Many researchers applied this principle and developed their own test method for the determination of 

bending. Sun introduced a tester which uses a cross-shaped specimen with a fixed strip length at the 

central part. The specimens are hanging on their own weight and their x and y coordinates are 

determined, thus drape angle could be measured [13]. The drape angle describes fabric drape, and the 

bending length and flexural rigidity can thus be calculated from it. The commercial testing instruments 

from Commonwealth Scientific and Industrial Research Organization (CSIRO), Fabric Assurance by 

Simple Testing (FAST) also uses the cantilever principle in its bending module with an optical device 

to detect the bending angle [14].  

 The cantilever method is applied in the standards which are commonly referred today such as EN 

ISO 9073-7 (European standard) and BS 3356-1990 (British standard). These standards use a manual 

bending tester to measure the bending length of the fabric samples. The whole procedure starts from 

placing the sample on the pathway, then sliding the fabric until the 41.5° line, and lastly taking the 

reading of the overhang length from the scale. All these are done by the operator. As this is prone to 

inaccuracies, an automated bending tester was developed which is still based on the cantilever 

principle. Still in prototype version, this equipment which was developed at Ghent University, 

Belgium introduces some automated approaches for the measurement [15]. Unlike the manual 

(standard) testing where the fabrics strip is bent by the operator until it reaches 41.5° from the plane 

platform, this movement was automated by using actuators. Also, the human eyesight which is used in 

determining the fabric when it reaches the angle is replaced by sensors. Hence, a constant movement 

can be achieved and inaccuracies of the measurement can be reduced.  

This work aims to investigate the reliability of the newly developed bending tester. As it is meant 

to perform similarly as the manual tester, the results from both manual and the new automated tester 

were compared and analysed. The following section will discuss on the materials and methods used 

for this work. Then, the statistical analysis will confirm whether both results are equivalent to each 

other or not.  

2.  Materials and methods 

A total of 11 fabrics were prepared to be tested using both testers. The fabrics have different fibre 

composition and some of them were imparted with water and oil repellent finish. The linear densities 

for most fabrics were around 20/2 Tex for warp and weft with 32x22 per cm fabric density. The 

fabrics were mostly woven with twill 2/1 structure, and only fabric K is single jersey knitted. Table 1 

shows the details of the fabrics.  

Table 1. Fabrics characteristics 

Fabric Fibre composition Weight 

(g/m
2
) 

Fabric Fibre composition Weight 

(g/m
2
) 

A 50% nomex, 50% viscose 269.18 G 50% m-aramide, 48% lenzing FR, 

2% carbon-based fibres 
262.82 

B 50% kermel, 50% viscose 253.44 

C 70% kermel, 30% viscose 228.74 H 70% m-aramide dope dyed, 30% 

viscose 
220.08 

D 50% nomex, 50% viscose 253.56 

E 69% nomex, 31% wool 242.72 I 100% polyester 293.86 
F 50% m-aramide, 50% lenzing FR 

(flame retardant) 

268.64 J 100% cotton 281.88 
K 50% cotton, 50% polyester 202.72 

2.1.  Bending measurement using manual tester 

The manual bending measurement was performed based on BS 3356-1990 standard [16]. For this test, 

rectangular samples measuring 2.5 X 20 cm were prepared so that the length is parallel to the direction 

to be tested. Five warp and five weft pieces were tested for each type of fabric in this experiment. The 

samples were glided on the fixed-angle flexometer which is based on the cantilever principle. 



 

 

 

 

 

 

According to Pierce[10], bending length C is the length of the rectangular strip of material which will 

bend under its own mass to an angle of 7.1°. For ease of measurement, this method uses the cantilever 

length corresponding to the angular deflection θ = 41.5°, so that the bending length is half of the 

cantilever length as shown in the following equation. Hence, double the bending length or the 

overhang length was read from the ruler when the tip of the sample touched the red line of 41.5° on 

the apparatus (see Figure 1). The higher the bending length, the stiffer the fabric is. 

 

 

Figure 1. Schematic diagram of bending test according to BS 3356-1990 standard method 

Bending length C is given by the formula (1), where we used θ = 41.5°, and 𝑙 is the sample 

overhang length at that angle. By using the appropriate mean value, the flexural rigidity (G) of the 

fabrics is determined in the standard using formula (2), where C is the bending length (cm), and M is 

the fabric mass (g/m2). In the standard method, the unit is not given in a standard unit (SI). With SI 

units, the flexural rigidity of a plate is the force couple (Nm) required per width (m) to bend the plate 

in one unit of curvature (1/m), and hence has general unit for a plate of Nm.  

 

C = 𝑙 (
cos(θ/2)

8 tan θ
)

1/3
= 𝑙/2,               (1),              G = 0.10 M C3 (mg cm)                  (2) 

 

2.2.  Bending measurement using automated tester 

Next, the bending measurement of the same fabrics was done on the new automated bending tester 

(see Figure 2). The device performs exactly the same as the manual tester in terms of its measurement 

principles since it was manufactured purposely to mimic the function of the manual tester. With the 

aim to reduce the possible human errors during handling of the test, this automated tester let the 

process done by the actuators and sensors imparted into the device. The operator is still needed to 

place the sample onto the pathway, and also to take it out after the test it completed, but the sliding or 

the linear movement of the samples towards the red line of 41.5° is done by a linear actuator that is 

driven by a stepper motor. The motor has a step size of 1.8° and with the DRV8825 driver, it can be 

reduced to 0.05625° or 1/16th of the actual step size. For this set-up, only 1/4th of the step is applied, 

thus makes 0.45°. The actuator shall convert one step to a linear movement of 10 µm. The speed of the 

motor is set to 5 mm per second with a step frequency of 500Hz.  

By using a laser beam which was pre-set at 41.5°, the determination of the bending length is done 

based on the laser interruption principle. Once the laser beam is interrupted, the sample will move 

back slowly, then move forward very slowly up to the interruption of the beam. This is necessary to 

take into account the bending hysteresis of the sample, as in the standard method where 8 ± 2 seconds 

are allowed before the scale is read from the manual tester. A light dependent resistor (LDR) is 

integrated and placed on the side of nylon platform just beneath the sample pathway as a target for the 

laser beam. It allows to determine if the laser shines unblocked at the pre-set angle. The adjustment of 

the angle is done by the stepper motor and with the same type of driver used in linear actuator, the 

precision of 0.05625° can be obtained. With this set-up, not only a single fixed value of angular 

deflection can be set, other overhang values at different angles can also be determined with the same 

device, allowing for a broader use of the automated bending tester. The results of overhanging length 

and bending length are automatically calculated and recorded in an excel sheet.   



 

 

 

 

 

 

 

Figure 2. Automated bending tester 

Some discrepancies are expected to come forward for the measurement using the automated tester. 

First of all, there is a possibility that the edge of the fabric which is placed on the glided path is not 

precisely positioned at the end of the path on the platform, allowing for an error of some mm. The 

same error can however be present in the manual tester. Next, the stepper motor determining the angle 

of the laser beam requires counterweights as the long arm on which the laser is mounted allows some 

angle dependent bending. This reduces the precision of the angle at which the laser beam is projected. 

Finally, the LDR can practically not be placed directly under the fabric, but instead is slightly lower, 

and hence the line on the manual tester is slightly higher. This will give rise to a constant error in the 

measurement. Note also that the automated tester will measure at the center of the fabric sample, while 

the manual tester has the operator standing at the side. For samples which have over the narrow width 

of the testing sample a transversal sagging (buckling) [17], this will also lead to differences between 

the devices. This effect should even out in the manual tester as we take the overall data, but five 

repeats might be too few for this. Better understanding of this phenomenon will give improved insight 

as where to put the light sensor for the detection of the bending angle. 

 

The bending length C, and flexural rigidity G, from both devices were then compared and analysed 

by using Pearson’s R statistical analysis tool. This analysis method is very useful to check the 

reliability of the new bending tester where the R value close to 1 means both devices give comparable 

results which signify the newly developed device is as reliable as the manual. The following section 

will tabulate the results. 

3.  Results and discussion 

The overhang length l of the fabric samples measured by the manual tester was recorded by the 

operator for every side and direction of the samples. Then, C and G were calculated based on the 

formula mentioned in the previous section. For automated tester, l and C were already recorded by its 

built-in system. Only G needed to be computed, based on the weight of the materials.  

The C and G obtained from the manual bending tester and the new automated tester were compared 

and analysed. Pearson’s R correlation analysis was conducted to the results from both devices to 

determine the relationships between them.  

Table 2. Pearson’s R results 

 Compared indices from standard bending 

method and automated bending tester 

Pearson’s R 

Warp C-Inside 0.96 

C-Outside 0.98 

G-Inside 0.95 

G-Outside 0.98 



 

 

 

 

 

 

Weft C-Inside 0.92 

C-Outside 0.97 

G-Inside 0.90 

G-Outside 0.96 

 

The results in Table 2 show that all the indices have R values equals to or more than 0.90, while the 

p-value was found to be less than 0.001. These high R values which are close to 1 mean that the 

correlation between the indices from both devices are very strong and almost all data could be 

represented by the fitted regression line. If we considered together all the data for warp and weft, and 

also outside and inside, we still can obtain an overall R=0.96 and R=0.95 for C and G respectively.  

Figure 3 illustrates the scatter plots of the overall C and G showing the spread of the data close to the 

regression line.  

 

 

Figure 3. Plots for the overall results for bending length C and flexural rigidity G 

From the results, it was found that the regression line has a slope of 0.8, instead of the expected 

value close to 1. The fixed offset is as expected as the laser beam points at the LDR, and not at the 

exact base of the fabric, so a 0 bending length of the manual tester, would still register as a bending 

length of some mm. The slope discrepancy means a systematic error is present in the linear stepper 

motor or in the angle stepper motor. The linear displacement was found to be exact. Hence, an 

investigation was made to confirm the degree of the angle made by the beam. For this, it was found 

that at 41.5° the true angle of the laser beam is slightly less by 1 to 2°. The reason for this difference 

are the counterweights needed to avoid bending of the arm on which the laser beam is mounted. The 

counterweights however overcompensate somewhat the weight of the laser beam. This finding 

explains why the automated tester measures always a shorter bending length than the manual tester, 

with the discrepancy increasing as the bending length increases. Fixing this issue with the automated 

bending tester is needed, but requires a new design of the laser mount. 

4.  Conclusions 

The aim of this work was to perform investigations in order to confirm the reliability of the new 

automated bending tester. 11 types of fabrics with different construction parameters were tested for 

their bending length C, and flexural rigidity G using the device. The same fabrics were also tested by 

using the standard tester or the manual tester, according to the BS 3356:1990 standard method. Both 

results were compared and analysed. The results yield Pearson’s correlation R≥0.90, with p-value less 

than 0.001, for warp and weft, outside and inside, which indicate a strong positive linear relationship 

between both methods. This means that the results from the new automated tester show good 

correlations with the standard measurement. However, there are still possibilities on the new tester that 

require adjustment so that the correlation level can be further increased, specifically with regard to the 

laser mount and LDR placement. For instance, a fixed laser beam could be installed at 41.5° instead of 

the one on the moving arm. The placement of LDR could also be adjusted to correctly position at the 



 

 

 

 

 

 

edge of the platform or the software might take into account the angle differences made and just give 

the filtered result. A better calibration method is also needed to ensure the consistency of the 

measurement. Furthermore, having an additional number of operators to perform the standard bending 

tests independently will reduce the uncertainty arising from a single operator and thus would make the 

results more reliable. 
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Abstract. The most important performance parameters of splicing are obtaining adequate
strength and appearance at the splice point for all processing requirements. The diameter of
spliced portion effects not only appearance of the splice joints but also physical characteristics
such as packing density, strength, specific volume of the yarn. In this study, the effect of
cotton/polyester fiber blend ratios on spliced portion diameter at different slicing air pressures
was investigated. For this aim, three yarn samples 100% cotton, 80-20% CO-PES and    50-
50% CO-PES were produced with 40/1 Ne. Each yarn samples was spliced at three different
pressures; 4 bar, 5 bar and 6 bar. The diameters of spliced portion and retained yarns were
measured by using ImageJ program and the results were analyzed statistically.

1. Introduction
Yarn winding is the process of transferring yarn from bobbins to packages to facilitate in the
subsequent processes of warping, weaving and knitting. In this process, both the yarn ends are joined
together to provide the continuity of the yarn package and several yarn faults; neps, thin place, thick
place are removed. Thus, more uniform yarn mass distribution and higher yarn evenness properties are
obtained. The yarn ends are joined together by applying a blast of compressed air into a profiled
device called a splicing chamber. The most important performance parameters of splicing are
obtaining adequate strength and appearance at the splice point for all processing requirements. The
diameter of spliced portion effects not only appearance of the splice joints but also physical
characteristics such as packing density, strength, specific volume etc. Yarn diameter is an important
property which affects the physical properties of the end products. Variations in yarn diameter cause
undesirable effects such as imperfections in the knitted or woven fabric and difficulties in weaving
preparation stages.

In literature some studies have been performed on the effect of splicing parameters such as splicing
length, duration of splicing air blast, and splicing air pressure on strength and appearance of the
spliced yarns [1-13]. Gürkan et al. have been investigated the effect of both fiber characteristics and
splicing parameters on retained spliced diameter [11, 12]. In these studies, yarn samples with different
types of cotton fibers have been produced and applied splicing process.

In literature, there is very limited study on effect of yarn blending ratio on spliced portion diameter
at different slicing air pressures [14]. With the development in technology and human life standards,
the consumer demands from a product increases day by day. In order to satisfy the requirements, the
fiber blends are used with different ratios to benefit from the specific characteristic of fibers. Each
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fiber has its own specific mechanical and chemical properties. The fiber characteristic properties such
as length, bending, resilience, elasticity etc. determines the yarn properties. It is claimed that since the
splicing process is based on the snarling of the fibers in yarn structure because of pressurized air, the
splice joint diameter and spliced yarn strength will be affected by the fiber characteristics.

In this study, it is aimed to investigate the effect of fiber blend ratio on spliced portion diameter at
different slicing air pressures. For this aim, three yarn samples 100% cotton, 80-20% CO-PES and
50-50% CO-PES are produced with 40/1 Ne. Each yarn samples are spliced at three different
pressures; 4 bar, 5 bar and 6 bar. The images of the yarn samples are acquired. The diameters of
spliced portion and retained yarns are measured on the images of the spiced yarns.

2. Material and Method
2.1 Material
For this study, 40/1 Ne cotton-polyester (CO/PES) ring spun yarn samples of 100% cotton and with
two different blending ratios; 80/20% CO-PES and 50/50% CO-PES are produced (Table 1). The
spliced yarns are produced by using these sample yarns under three different splicing pressures;4 bar,
5 bar and 6 bar. Other splicing machine parameters are kept constant. Thus, totally 9 different spliced
yarn samples are produced.

Table 1. Yarn sample properties.
Sample Fiber Content U

(%)
CVm
(%)

Thin Place
(-

50%/km)

Thick
Place

(+50%/km)

Neps
(+200%/km)

H

100% CO 100% Cotton 10.82 13.65 3.3 35.8 83.3 5.68

80-20% CO-PES 80-20% Cotton-Polyester 12.23 15.46 18.3 136.7 163.3 5.48

50-50% CO-PES 50-50% Cotton-Polyester 11.56 14.63 6.7 102.5 146.7 4.96

2.2 Method
The yarn samples given in Table 1 are applied air splice process by using Leopfe YarnMaster
Machine. Three different air pressure; 4 bar, 5 bar and 6 bar are applied for each yarn sample. The
diameter of the parent yarns and splice portion are measured by means of image frames. The image
frames of the spliced yarn samples are acquired by using scanner with 1200 dpi resolution. The
diameter of the parent yarn and spliced portion are measured by using ImageJ program. In this
program, known length of the scale in pixel is set to a unit such as; cm, mm. In this, study pixel-mm
conversion is used. For each pressure value, 5 spliced yarn samples are produced. From each spliced
yarn sample, 10 diameter measurements are taken. The average diameters of the spliced portion and
the corresponding parent yarns are calculated by using 50 readings of each sample. The percent of the
increase in the splice joint diameter is calculated with following equation.∆ (%) = × 100 (1)

where,
Ds: is the diameter of spliced portion,
Dp: is the diameter of parent yarn,
ΔD: is the change in diameter of the spliced portion with respect to the diameter of parent yarns in
percentage.
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Figure 1. Yarn diameter measurement

3. Result and Discussion
The yarn diameter increases due the splice process are given with respect to the splice pressure in
Figure 2. The highest and the lowest increases are obtained with 50-50% CO-PES sample at 4 bar and
6 bar splice pressures respectively. As polyester ratio of the yarn content is increased, the diameter of
the splice portion has increased with respect to the diameter of parent yarn at 4 and 5 bar splice
pressures. This situation reverses for 6 bar splice pressure. For 6 bar pressure, the diameter increment
ratio of the splice portion decreases when the polyester content of the yarn sample is increased. The
yarn sample 100% CO has got a concave upward trend as the splice pressure is increased. The yarn
sample 80-20% CO-PES has got a concave downward trend in accordance to the pressure increase.
The diameter increment of the sample 50-50% CO-PES is decreasing as the splice pressure is
increased.

It is required that the yarn diameter increase should be at minimum level in term of appearance
performance of the splice process. When only the appearance performance of the splice process is
taken into account, it can be said that the most appropriate splice pressures for each yarn samples;
100% CO, 80-20% CO-PES and 50-50% CO-PES are 5 bar, 6 bar and 6 bar respectively.
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Figure 2. Yarn diameter increase at sliced portion

In order to determine the statistical significance of the effects of splice pressure and yarn blend on
spliced yarn diameter ANOVA was performed. For this aim the statistical software package SPSS 21.0
was used to interpret the experimental data. All test results were assessed in 95% confidence interval.

Table 2. ANOVA for yarn diameter.
Source Sum of

Squares
df Mean

Square
F Sig. Partial

Eta
Squared

Corrected
Model

1.911a 8 0.239 18.93
6

0.0
00

0.256

Intercept 13.488 1 13.488 1068.
962

0.0
00

0.708

Pressure 0.497 2 0.248 19.68
8

0.0
00

0.082

Yarntype 0.120 2 0.060 4.767 0.0
09

0.021

Pressure *
Yarntype

1.294 4 0.324 25.64
5

0.0
00

0.189

Error 5.565 441 0.013
Total 20.964 450
Corrected
Total

7.476 449

a R Squared = 0.256 (Adjusted R Squared = 0.242)
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According to ANOVA results, splice pressure and yarn type has statistically significant effects on
spliced yarn diameter (p=0.000<0.05, p=0.009<0.05). Table 3 and 4 represents the multiple
comparison test results for splice pressure and yarn type.

Table 3. Multiple comparison results for splice pressure.
Tukey HSD

(I)
Bar

(J)
Bar

Mean
Difference

(I-J)

Std.
Error

Sig. 95% Confidence
Interval

Lower
Bound

Upper
Bound

4.00 5.00 0.0313* 0.01297 0.043 0.0008 0.0618
6.00 0.0807* 0.01297 0.000 0.0502 0.1112

5.00 4.00 -0.0313* 0.01297 0.043 -
0.0618

-
0.0008

6.00 0.0494* 0.01297 0.000 0.0189 0.0799
6.00 4.00 -0.0807* 0.01297 0.000 -

0.1112
-

0.0502
5.00 -0.0494* 0.01297 0.000 -

0.0799
-

0.0189
*The mean difference is significant at the 0.05 level.

Table 4. Multiple comparison results for blend type.
Tukey HSD

(I) Yarntype (J) Yarntype Mean
Difference

(I-J)

Std.
Error

Sig. 95% Confidence
Interval

Lower
Bound

Upper
Bound

100% CO 50-50% CO-PES -0.0338* 0.01297 0.0
25

-
0.0643

-
0.0033

80-20% CO-PES -0.0355* 0.01297 0.0
18

-
0.0660

-
0.0050

50-50% CO-PES 100% CO 0.0338* 0.01297 0.0
25

0.0033 0.0643

80-20% CO-PES -0.0017 0.01297 0.9
91

-
0.0322

0.0288

80-20% CO-PES 100% CO 0.0355* 0.01297 0.0
18

0.0050 0.0660

50-50% CO-PES 0.0017 0.01297 .99
1

-
0.0288

0.0322

* The mean difference is significant at the 0.05 level.

According to multiple comparison test results for splice pressure, each pressure level (4, 5, 6 bar)
has statistically different effects on spliced yarn diameter, in 95% confidence interval. On the other
hand, 50-50% CO-PES and 80-20% CO-PES blend types have statistically similar effect on the
diameter of spliced yarn. But 100% CO yarn statistically differs from 50-50% CO-PES and 80-20%
CO-PES blend types.
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4. Conclusion
In this study, the effect of cotton-polyester fiber blending ratio on splice portion appearance
performance was investigated. It can be said that the optimum splice pressure for the most appropriate
splice appearance changes with respect to the fiber content of the yarn. For 4 and 5 bar splice air
pressures, as polyester ratio of the yarn content was increased, the diameter of the splice portion also
increased with respect to the diameter of parent yarn. For 6 bar air pressure, the splice joint diameter
decreases with the increase in polyester content of the yarn samples.

According to statistical analysis results, it can be revealed that the splice pressure and yarn fiber
content have statistically significant effects on spliced yarn diameter. On the other hand, it can also be
concluded that each pressure level has statistically different effects on spliced yarn diameter. With
respect to the fiber blend ratio, 50-50% CO-PES and 80-20% CO-PES blend types have statistically
similar effect on the diameter of spliced yarn. But 100% CO yarn statistically differs from 50-50%
CO-PES and 80-20% CO-PES blend types.
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Abstract. Increasing environmental concerns have stimulated an interest in naturally coloured 

cottons. As many commercial and technical performance aspects of cotton fibres are influenced 

by their response towards atmospheric humidity, an in-depth research on moisture sorption 

behaviour of these fibres using dynamic vapour sorption is carried out. Significant differences 

were observed in sorption capacity and hysteresis behaviour of brown and green cotton fibres. 

These differences are mainly attributed to the variations in maturity and crystallinity index of 

the fibres. This study provides valuable insights into the moisture sorption behaviour of 

naturally coloured cotton fibres. 

1.  Introduction 

Cotton is the most important natural fibre used in textile industry. Besides the traditional use as a 

textile material, cotton fits also in today’s challenge to search for biopolymers or composites based on 

sustainable resources. Naturally coloured cotton, comprising fibres with natural pigments, are 

considered potential eco-friendly materials because the presence of natural pigments eliminates the 

need for colouring textile products to a certain extent, thus saving not only a large amount of energy 

but also preventing dye chemicals from polluting the environment. In the preceding years, the yields 

of naturally coloured cotton were low, and the fibres were too short to be machine-spun [1], [2]. 

However especially with advanced genetic breeding technologies naturally coloured cotton fibres in 

various shades (green and brown) with improved quality have been successfully produced [3], [4]. 

Even although much research is published on the moisture sorption of cotton fibres [5], [6], much 

less is known on the moisture sorption behaviour of naturally coloured cotton cultivars. As moisture in 

the fibre has a profound effect on almost all the mechanical properties (tensile strength, stiffness, etc.) 

as well as the physical (electric and thermal conductivity, etc.) and chemical ones (chemical reactivity, 

resistance to microbes, etc.) [7], a study on the moisture sorption of these fibres is also of high interest. 

Dynamic vapour sorption (DVS) is a well-suited technique to study the moisture sorption and the 

interaction of water molecules with a compound [8]. 

In the present study, DVS is successfully used to gain valuable information concerning moisture 

sorption behaviour of naturally coloured brown and green fibres. The moisture sorption profiles as 

well as the hysteresis behaviour are studied. The aim is to gain insights in the moisture sorption 

behaviour of naturally coloured cotton fibres as relevant for an optimal future material benefit. 



 

 

 

 

 

 

2.  Materials and Methods 

Different shades of naturally coloured cotton (Gossypium hirsutum) fibres were supplied by Bayer 

CropScience N. V. (Ghent, Belgium). The plants were grown in similar conditions and harvested when 

mature. All fibres were used as received, without any pre-treatment. Cotton fibre properties were 

determined in Cirad (Montpellier, France). A high-volume instrument (HVI) is used to obtain 

micronaire values of cotton fibres. The maturity ratio of the fibres was determined using an advanced 

fibre information system (AFIS).   

Dynamic vapour sorption (DVS) measurements were conducted in a Q-5000SA instrument (TA- 

instruments, Zellik, Belgium). All measurements were performed at 23 ± 0.1 °C. Deliquescent salts 

(sodium bromide and potassium chloride) were used to verify the humidity of the instrument.  

The total hysteresis value was calculated by subtracting the area under the normalized desorption 

curve from the area under the normalized sorption curve using Microcal Origin 6.0 software (Microcal 

Software, Inc., Northampton, MA, USA). 

The X-ray diffraction (XRD) patterns were measured for raw cotton fibres with an X-ray 

diffractometer (Thermo Fisher Scientific Inc, Waltham MA, USA) using CuK radiation (=1.5406 

A) at 40 kW and 20 mA. Scattered radiation was detected in the range of 2 = 5-40o, at a scan rate of 

2o/min. The crystallinity index (CI) was calculated as reported in literature [9]. 

3.  Results and Discussions 

The equilibrium moisture content (EMC) value at each interval is plotted against the relative humidity 

(RH) to draw the equilibrium isotherm for both brown and green fibres are shown in Figure 1. 

Although there are significant differences in the total amount of moisture present in the samples at a 

given RH, both fibres under investigation exhibit an S-shape curve with a distinct hysteresis. This 

finding is in line with our previous work on moisture sorption of both developing cotton fibres and 

brown ones [11] [12]. The differences in moisture sorption of brown and green fibres can be attributed 

to many factors of which OH accessibility is a significant component [11]. Thus, the effect of maturity 

and crystallinity will be looked at. 

 

 

Figure 1. Moisture content (%) as a function of the relative humidity (%) for (a) brown (b) green 

cotton fibres 

 

Table 1 lists the EMC at 95 % RH and the total hysteresis for both fibres. In addition, the maturity 

data measured by HVI (micronaire) and AFIS (maturity ratio) as well as the crystallinity index are 

given for each fibre.  

The adsorbed water in the brown and green fibres produced an EMC of 23 and 17 % respectively, 

at the highest RH of 95 %. The EMC of the green cotton fibre is significantly lower than that of the 

brown cotton fibres. This may be attributed to the differences in maturity and crystallinity index values 

of the fibres. The maturity and crystallinity index values are lower for the brown fibre meaning the 

brown fibre has a less developed structure compared to the green fibre. 

 



 

 

 

 

 

 

Table 1. EMC at 95 %, hysteresis, micronaire, maturity ratio, and crystallinity index data of brown 

and green fibres 

 EMC at 95 % 
RH (%) 

Hysteresis Micronaire Maturity 

ratio 

Crystallinity 

index (%) 

Brown 23 191.6 2.2 0.71 61 

Green 17 101,6 2,4 0.77 70 

 

Apart from differences in the sorption capacity, there are also differences in the hysteresis 

behaviour of the fibres. The brown fibre exhibits higher value of total hysteresis than the green one.   

This difference in the overall sorption hysteresis may be explained by the variations in the structural 

deformation of cell wall during sorption. As presented in Table 1, the crystallinity index, and thus the 

internal stability of the brown fibre is lower compared to the green fibre. Therefore, the extent of 

sorption and cell wall deformation would be greater for the brown fibre.  

4.  Conclusions 

DVS was used to gain valuable information concerning the sorption behaviour of naturally coloured 

brown and green cotton fibres. Significant differences were observed in sorption capacity as well as 

hysteresis behaviour. These differences were attributed to the differences in maturity and crystallinity 

of the fibres. This study provides insights into the moisture sorption behaviour of naturally coloured 

cotton fibres. 
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[1] Demir A, Özdoğan E, Özdil N and Gürel A 2010 Ecological materials and methods in the 

textile industry: Atmospheric‐plasma treatments of naturally colored cotton J Appl Polym Sci 

119 3 1410-16 

[2] Ioelovich M and Leykin A 2008 Structural investigations of various cotton fibers and cotton 

celluloses BioResources 3 1 170-7 

[3] Chen H and Yokochi A 2000 X‐ray diffractometric study of microcrystallite size of naturally 

colored cottons J Appl Polym Sci 76 9 1466-71 

[4] Kohel RJ 1985 Genetic Analysis of Fiber Color Variants in Cotton Crop Science 25 5 793-7 

[5] Hill CAS, Norton A and Newman G 2009 The water vapor sorption behavior of natural fibers J 

Appl Polym Sci 112 3 1524-37 

[6] Mizutani C, Inagaki H and Bertoniere NR 1999 Water absorbancy of never‐dried cotton fibers 

Cellulose 6 2, 167-76 

[7] Okubayashi S, Griesser UJ and Bechtold T 2004 A kinetic study of moisture sorption and 

desorption on lyocell fibers Carbohydr  Polym 58 3, 293-99 

[8] Markova N, Sparr E, Wadso L 2001 On application of anisothermal sorption microcalorimeter  

Thermochim  Acta 374 2 93–104 

[9] Morais Teixeira E, Correa AC, Manzoli A, Leite FL, Oliveira CR and Mattoso LHC 2010 

Cellulose nanofibers from white and naturally colored cotton fibers Cellulose 17 3 595–606 
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Abstract. The presented work investigates changes in electrical resistance of embedded 

sensory yarns as a method to monitor the resin flow front position and curing degree of resin 

during manufacturing of composite structures by vacuum infusion technology. The sensor 

concept is based on Piezo-resistive sensors integrated to the flax fabric, having almost identical 

propriety and dimensions as the flax threads used for the production of reinforcements. In the 

first time sensors have been characterized and first measures of the resin infusion have been 

realized in order to demonstrate the feasibility of the proposed approach. Then, the measures in 

real time were realized with fibrous sensors added to the flax fabric (green composites) to 

monitor the flow front of resin. A large amount of data recorded, filtered, examined, analysed 

and processed in order to understand and to optimize the infusion and polymerization process. 

1. Introduction 

The composites are more and more used in various fields such as aerospace, aeronautics, defense, 

sport and biomechanics. They are used due to their remarkable mechanical properties such as: density, 

rigidity mechanical resistances, lightweight, but also lifetime duration, impenetrability, electrical 

insulation, resistance against shocks [1] etc. A robust and reliable infusion process is vital for the 

quality of composite parts. Therefore, monitoring of resin flow and cure development in liquid 

composite molding processes was the subject of extensive researches in the past. A variety of sensor 

concepts based on thermocouples [2], pressure transducers [3], optical fibers [4-5], and electric 

resistance sensors [6-7] was investigated. In situ monitoring in real time of the resin diffusion inside 

the composite is the main objective of this article. The understanding of resin behavior during the 

infusion process of composite materials in press molding is a major concern, enabling their optimal 

mechanical properties.  

A disadvantage of methods using vision systems or camera is the impossibility to see inside 

composites materials and the difficulty of adapting this process to industrial production. The use of 

thermocouples or optical fibres within composites could also damage their structures.  

2. Measuring system  

In situ monitoring of the resin infusion has been realized using piezo-resistive sensors embedded to 

composite reinforcement. A protocol has been set up in order to follow the resin movement supposed 

to modify sensors electrical resistance. To achieve this objective, conductive multi filament yarns 

(polyamide silver coated) were sewn onto flax fabric used as composite reinforcement, with electrical 

resistance ranging from 30 to 100 Ω/m. The flax fabric used as reinforcement is twill 2/2 with the 

reference WD55018113, 13X13 105 DTEX (305 g/m²). The stitching of sensory yarns has been 

realized on the X axis (same direction as the resin infusion), with a distance of 5 cm between two 

consecutive sensors. The flax fabric with high damping factor [8] is used in regards the specification 

of “green composite” with the specific rigidity superior compared to those of glass fibres (Figure 1). 



For the electrical resistance measurements, Keithley 3706A was used, able of over 14 000 

measurements per second, storing data to the memory with optional high performance resolution. 

Camera has been used to follow from outside the resin advance. 

 

 
Figure 1. The structure of multilayer flax fabric reinforced composite with embedded sensors in order 

to measure the resin movement during the infusion phase 

 

Measurements in real time were realized by sensory yarns [9] embedded to the flax based 

reinforcements of the composite. Methods for production, placement, and calibration of the sensors 

adapted to our measurement protocol have been developed and data filtering algorithms set up. 

Moreover, experiments and manipulations have been established in order to characterize and verify the 

sensitivity, the rapidity, the response time and repeatability of measures of our sensors. 

2.2. Result and Discussion  

The computation of the relative resistance variations is realized using the following expression: 

Rel

R
R

R




                                                                                 (1) 

First experience of resin flow monitoring has been conducted in our lab in order to verify the 

feasibility of the concept and to test fibrous sensors embedded to the flax fabric in the direction of the 

resin advance. Figure 2 shows the outputs of 5 embedded sensors. It could be considered that the 

feasibility has been proven and that the selected polyamide silver coated yarns composed of a number 

of multifilaments may be used as sensors for detection of resin flow. As the resin used in infusion 

process is non-conductive, it reduces the conductive surface of the yarn (multifilaments) and implies 

an increase of its electrical resistance. It is possible to observe in Fig. 2 the increase of the sensory 

yarns resistances (5 sensors) and to conclude consequently, that the resin has progressively covered all 

the sensory yarns. The infusion process has been conducted over 10 minutes approximately and during 

this time the electrical resistance of sensors increased. It may also be observed that the increase in the 

electrical resistance is faster in the beginning of the infusion process and that it slowed down after 

approximately 5 minutes. It means that the resin front flow was faster in the beginning of the infusion 

that has also been observed visually during the experiment and that is quite normal for this kind of 

processes. It could also be noticed that the fifth sensor (violet colour) generated lower output that other 

sensors because it has been located close to the border of the flax fabric and the resin flow was 

delayed at that position comparing to other sensory yarns. A decrease of electrical resistance in the 

beginning of the infusion process for this sensor may be explained by the change in the pressure of 

plastic sheets because the resin has arrived close to this sensor, but it has not yet been “coated” by the 

non-conductive resin.     



 
Figure 2. The variation of electrical resistance as function of time 

3. Sensors’ Characteristics 

In this chapter, static and dynamic characteristics of sensory yarns will be presented. Their importance 

will be highlighted and their influence on the operation of sensing systems will be described.  

3.1. Measurement Range 

The maximum and minimum values of the measurand that can be measured with a sensing system are 

called the measurement range, also defined as the dynamic range or span. This range results in a 

meaningful and accurate output for the sensing system. All sensing systems are designed to perform 

over a specified range. Signals outside of this range may be unintelligible, causing unacceptably large 

inaccuracies, and may even result in irreversible damage to the sensor [10]. 

3.1.1. Experience  

A protocol has been set up in order to check the measurement range of sensors. The conductive multi 

filament yarns (polyamide silver coated) were sewn onto flax fabric used as composite reinforcement, 

with electrical resistance ranging from 30 to 100 Ω/m. The sensor has been located in the middle of 

the reinforcement. The resin used, is Epoxy SR 8200 mixed with the epoxy hardener SD7201 (37 g of 

hardener for 100 g of resin). The density ⍴ = 1.2 g/cm3 and the volume part VResin = 0.6 VTot. 

A multimeter was used to measure the electrical resistance before the beginning of infusion process, 

then the pump was switched on and the infusion started. The process of liquid resin infusion lasted 2 

minutes and 23 seconds. The dimensions of the sample were: 20×17cm², and the sensory yarn length: 

17 cm. Measures of electrical resistance were realized with the same multimeter at different time 

intervals. The following table summarizes the evolution of electrical resistance as a function of time. 

 

Table 1: The change of electrical resistance of sensor as a function of time 

 
 

 

 

 

 

 

3.1.2. Results  

According to the results obtained in our tests of infusion phase, it may be deduced that the range of 

sensor varies between 15.21 Ω (0 mm of resin) and 18.51 Ω (150 mm of polymerized resin). 
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3.2. Sensitivity 

The sensitivity of the sensor is defined as the minimum input of physical parameter that will create a 

detectable output change. In some sensors, the sensitivity is defined as the input parameter change 

required producing a standardized output change. In other terms, it is defined as an output change for a 

given change in input parameter [11].   

3.2.1. Experience 

In order to check the sensitivity of our sensors, the following experience has been set up: 

On a reinforcement made of one-layer flax fabric with dimensions (20×20 cm²), using the sewing 

machine, four polyamide silver coated conductor yarns have been integrated, with electrical resistance 

ranging from 30 to 100 Ω/m. A distance of 5 cm between the yarns has been left. The resin used in this 

process was Epoxy SR 8200 mixed with the epoxy hardener SD7201. For the electrical resistance 

measurement, ohmmeter was used. 1 ml of resin on each sensor was dropped using a pipette, and the 

dose was increased progressively (1 ml by 1 ml) to reach the value of 10 ml. A time interval of 90 

seconds has been left between the drops, 1 ml each. 

 

 

Table 2: The evolution of electrical resistance as a function of dose used and covered distance  

Dose of 

resin (ml) 

Covered 

distance of 

sensors (cm) 

Sensory 

yarn1 

 R01= 13.34 

Sensory 

yarn2 

R02= 8.51 

Sensory yarn 3 

 R03= 14.462 

Sensory 

yarn4 

 R04= 13.32 

 

(Ri-R0)/R0 

(Ri1-R01)/R01 (Ri2-R02)/R02 (Ri3-R03)/R03 (Ri4-R04)/R04 

0 0 0 0 0 0 0 

1 1.8 0.0022 0.0012 0.0028 0.0015 0.0019 

2 3.1 0.0029 0.0047 0.0077 0.0053 0.0052 

3 4.6 0.0052 0.0094 0.0055 0.0091 0.0073 

4 6.4 0.0090 0.0129 0.0137 0.0143 0.0125 

5 8.8 0.0142 0.0247 0.0158 0.0158 0.0176 

6 9.7 0.0157 0.0329 0.0184 0.0189 0.0214 

7 11.3 0.0187 0.0364 0.0322 0.0211 0.0271 

8 12.4 0.0202 0.0529 0.0343 0.0255 0.0332 

9 13.5 0.0232 0.0611 0.0389 0.0308 0.0385 

10 15.3 0.0262 0.0659 0.0388 0.0421 0.0432 

3.2.2. Results 

In the previous section, it is mentioned that the sensitivity is defined as the ratio between the output 

signal and measured property. The following graph represents the change of electrical resistance as a 

function of time, the dose used and the covered distance by resin on the flax one layer reinforcement.  

                
Figure 3:  The evolution of electrical resistance as a function of dose used and covered distance  

 

Two different sensitivities Sdose and Scovered could be computed. The values obtained from the plot are:   

Sdose = 0.0045 Ω/ml, Scoverede= 0.0029 Ω/cm, and it may be noticed that they are rather linear as 

expected.  

 

y = 0,0045x - 0,0036 

-0,01

0

0,01

0,02

0,03

0,04

0,05

0 5 10 15

(R
i-

R
0
)/

R
0
 

Dose (ml) 

y = 0,0029x - 0,0041 

-0,01

0

0,01

0,02

0,03

0,04

0,05

0 5 10 15 20

(R
i-

R
0
)/

R
0
 

Covered distance of sensors (cm) 



3.3. Repeatability 

This is the ability of a sensor to repeat a measurement when put back in the same environment. It is 

often directly related to accuracy, but a sensor can be inaccurate, yet be repeatable in making 

observations [12]. 

3.3.1. Experience 

Flax fabric twill 2/2 was applied with dimensions of (20×17) cm². Two sensors were integrated to the 

flax fabric with a distance of 7 cm between the yarns. The objective of this trial is to check that the 

two sensors give the same responses with regard to the repeatability.  

For this experience two ohmmeters have been used, the process of liquid resin infusion lasted 2 

minutes and 30 seconds. The electrical resistance is measured for 30 minutes.  

The following table summarizes the evolution of electrical resistance for the first and the second 

sensory wire as a function of time.  

 

 

 

 

 

Table 3: The evolution of electrical resistance as a function of time of 1st and 2nd yarn 

Time (min) Sensory yarn 1. 

R01= 15.00 Ω 

(Ri1-R01)/R01 Sensory yarn 2. 

 R02= 16.02 Ω 

(Ri-R0)/R0 

0 15 0 16.02 0 

5 16 0.0667 16.928 0.0567 

10 16.3 0.0867 17.256 0.0771 

15 16.3 0.0867 17.33 0.0818 

20 16.7 0.1133 17.42 0.0874 

25 16.6 0.1067 17.384 0.0851 

30 16.6 0.1068 17.358 0.0835 

3.3.2. Results 

As stated before, repeatability is defined as the range of actual positions the system takes while being 

repeatedly commanded to the same location under identical conditions (The same dimension and 

weight of flax fabric, the same the sensory yarn length, the same pumping speed, the same resin and 

the same temperature of the test room). Even if the LRI (Liquid Resin Infusion) process is not uniform 

at sensory yarns 1 and 2 location, it is considered that it has been identical. From the data obtained 

from the first and the second sensors, it may be deduced that the output of two sensors is almost the 

same.  

 
Figure 4:  The evolution of electrical resistance as a function of time of 1st and 2nd yarn. 

3.4. Response and Recovery Time 

Generally, Recovery Time is defined as the time for a sensor to return to baseline value after the step 

removal of the measured variable. Usually specified as time to fall to 10% of final value after step 

moval of measured variable. In real-time systems the response time of a task or thread is defined as the 

time elapsed between the dispatch (time when task is ready to execute) to the time when it finishes its 

job (one dispatch).  
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3.4.1. Experience 

As it was impossible to measure the recovery time of our sensors, because it is impossible to remove 

the resin from composite once it has been infused and polymerized, only a response time has been 

evaluated. To do that following trial was conducted: 

For this manipulation the same flax fabric and sensory yarns has been used with dimensions of 

5×17cm². The length of our flax fabric was reduced to 5 cm to ensure that the resin arrives and coats 

the sensor all over 5 cm in the same time. It means that the step input (Heaviside function) has been 

applied to three sensors at different times, scheduled by the velocity of the resin flow.  In this way 

three different step responses have been obtained from the infusion process applied on three sensors 

for statistics purposes.  

The stitching has been realized on the X axis (parallel to the direction of the resin infusion in order to 

generate a step response), and a distance of 1 cm has been set up among the sensory yarns. To observe 

the change of the electrical resistance three ohmmeters were used.  

3.4.2. Results 

The time constant relative to the response time if the system could be modelled as a first order, or a 

second order well dumped system, in response to a step input as it is a case for our lateral infusion 

process. First order system transfer function was used to model the sensory yarn (Equation 2), the 

input is defined as x(t), where x is the front resin position and  
∆R

R
(s) is the sensory yarn output. If the 

input is equal to the step input (Heaviside function), the output is presented in Figure 5.  

The transfer function identification gives the static gain K = 0.025 and the time constant τ= 5 second 

(simulated step response is given in Fig. 6). 
∆R

R
(s)

U(s)
=

K

1+τS
=

0.025

1+5s
   (1st order system) and   

∆R

R
(s)

U(s)
=

K

s2

ωn
2+

2ξ

ωn
+1

=  
0.025

6.25s2+3.5s+1
   (2nd order system)                                                                                                      

Where K = 0.025, proper frequency n=0.4 and the damping factor =0.7 (see simulated step 

responses in Fig 6). 

 
Figure 5. The step response of 3 sensory yarns perpendicular to resin flow advancement 

 

Figure 6. The step responses of the system defined by the equation 2 and 3 
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Abstract.This article presents the strategy and the procedure used to achieve the declared goal: 
fabrics selection, pursuing sensorial comfort of a specific women-clothing item, by using the 
multi-criteria decision analysis. First, the objective evaluation of seven wool-type woven 
fabrics, suitable to the quality profile expected for the defined destination, was accomplished. 
Then, a survey was conducted on a sample of 187 consumers, women aged between 18 to 60 
years old, with a background in the textile field, regarding both the preferences manifested in 
purchasing products, and the importance of various sensory perceptions through handling 
materials used in clothing products. Finally, the MCDM applied through the implementation of 
previous accomplished software STAT-ADM, allowed choosing the preferred wool-type fabric 
in order to get the expected sensorial comfort of women office trousers for the cold season, 
according to the previously established criteria. This overall approach showed good results in 
fabrics selection for assuring the sensorial comfort in women's clothing, by using the multi-
criteria decision analysis based on a rating scale delivered by customers with knowledge in the 
textile field, but non-experts in the fabrics hand evaluation topic. 

1.  Introduction 
The development of any supply chain for the textile apparel products primarily aims to fulfill the 
customer specified and unspecified requirements on every chain link level, but also to meet the needs 
and expectations of the final customer, represented by a consumer niche [1, 2]. 

In particular, women clothing constitute challenges for everyone involved in systematically adding 
value: designers, manufacturers, suppliers and retailers. One of these challenges is to create customer 
confidence in a potential sensory comfort (besides the need to achieve a good-looking silhouette), 
generated by the use of a particular material for a certain destination [3,4]. 

Concretely, bearing in mind women’s criteria for purchasing clothes (other than fashion-related 
demands), we expect that this specific niche will select their items like shirt/skirt/dress/trousers/coat 
designed for hot/cold season, as well as home clothing/casual/casual office/sports activities, to match 
their sensorial comfort demands, generated by visualization and handling [1,4]. Therefore, for a 
specific market niche that is the ready-to-wear women office clothing intended for the cold season, 
more exactly trousers made of wool-type fabrics, consumers’ perception about the sensorial comfort 
should be strongly related to the wearers’ preferences regarding the selected fabrics. 



 
 
 
 
 
 

In this paper, experiments were conducted in three successive stages, to achieve the declared goal – 
fabrics selection pursuing sensorial comfort of a specific women-clothing item, by using the multi-
criteria decision analysis. 

2.  Methodology 

2.1.  Materials 
In this paper, the entire work was carried out for seven wool type-woven fabrics with different fibre 
compositions, pattern and properties, considered suitable for the quality profile expected in 
comfortable women office trousers for the cold season.  

The designed clothing item and the main description of the selected fabrics to produce the "ready-
to-wear trousers collection”, are presented in table 1. 
 

2.2.  Objective evaluation of fabrics for characteristics linked to the handle attributes 
The first step in achieving the paper’s goal was to perform the objective evaluation of seven wool-type 
woven fabrics with different fibres composition and pattern, suitable to the quality profile expected for 
comfortable women office trousers for the cold season.  

Considering the six pair of physical bipolar attributes described by the well-known handle 
technique for subjective evaluation (by means of several actions for evaluation of the mechanical and 
surface properties), three groups of attributes for the sensorial comfort were established: flexible/stiff, 
thin/thick and light/heavy [4, 5].   

Usual tests were carried out in the textile laboratory, assessing the three characteristics linked to the 
handle attributes from both the theoretical and practical point of view: flexibility (%), thickness (mm), 
and mass per surface unit (g/m2). 

For all selected fabrics, a sampling was carried out following the standards of specific testing 
methodology. According to SR EN 139:2005, fabrics samples were conditioned at 65 ± 4%, relative 
humidity and 20 ± 2°C for 24 hours, before testing. 

2.3.   A survey of women's preferences about purchasing clothing 

Table 1. Ready-to-wear office trousers collection for women.  

Trousers a 
 

      

Fabrics  F1 F2 F3 F4 F5 F6 F7 

 Pattern 

       

 Weaves plain plain plain twill 2/2 plain twill 2/2 twill 2/1 

 Raw 
material  

PES64% 
/CV34% 
/EL 2% 

Wool 45%
/PES 55%  

PES75% 
/CV23% 
/EL 2% 

Wool 100%Wool 44% 
/PES 54% 
/ EL 2% 

Wool 45% 
/PES 55% 

Wool 44%
/PES 54%

/ EL 2% 

 a Sourse : https://www.shutterstock.com 



 
 
 
 
 
 

In parallel with the objective evaluation, a survey with nineteen questions on preferences manifested 
in purchasing clothes was conducted on a sample of consumers - women aged between 18 and 60 
years (with the average age of the sample 36.6 years), with a background in the textile field.  

Given the results of the survey (with a 7.2% survey error), the ranking made by the 187 
respondents about the importance of various sensory perceptions through handling materials used in 
clothing products, can be considered almost conclusive. Hence, the presumption of an existing group 
of consumers with the ability to select a clothing product appeared group that could provide valuable 
assistance in reaching the best-desired final product characteristics according to their preferences.  

2.4.  Using the multi-criteria analysis based on a rating scale delivered by customers 
The third stage of this study consisted in using the decision-making tool named Electre [6, 7] by 
means of a previous accomplished software STAT-ADM (written in Romanian). STAT-ADM 
software was designed to optimize processing of cotton throughout the technological flow of fibers in 
spinning mill.  

Currently included as an interactive ICT-based learning tool, STAT-ADM allows the virtual 
simulation of the processing optimization in textiles companies for spinning, weaving, and clothing 
during several teaching and research activities within the Faculty of Textiles, Leather and Industrial 
Management of Iasi, Romania [8]. 

However, in this paper, the software was used for choosing the preferred wool-type fabric from a 
range of items, in order to get the expected sensorial comfort of women office trousers for the cold 
season, by comparing the seven fabrics according to previously established criteria.  

3.  Results and Discussion 
According to the experimental part, the following results have been obtained: 

3.1.  On the objective evaluation of fabrics  
The average values of the three properties linked to the sensorial comfort, for each fabric indented to 
manufacturing the trousers, are summarized in table 2.  

We can observe that it is hard to make a distinction in order to get a hierarchy between variants of 
fabrics, having as reference all three features as an ensemble. 
 

Table 2. Fabrics properties linked to the sensorial comfort. 

Fabrics
Properties  

F1 F2 F3 F4 F5 F6 F7 

Flexibility (%) 64 51 67 53 63 58 61 

Thickness (mm) 0.43 0.35 0.34 0.36 0.36 0.49 0.48 

Mass per surface unit (g/m2) 216 167 180 182 158 210 220 

3.2.  On the survey  
187 women participated in the survey and among them, 17.1% were students, 74.3% employees and 
7% entrepreneurs.  

Given the basic training of respondents (88.8% with higher education, masters and doctoral 
graduates and 11.2% high school graduates), it is considered significant for this paper to highlight 
some opinions: 
 Among the surveyed women's favorite clothing products, the options were: blouses 81.3%, 

trousers 72.7%, shirts 49.7%, dresses 34.2% and skirts 29.9% 
 When asked about the importance of different influence factors on the decision to buy a clothing 

item, the following hierarchy was obtained: general appearance 94.7%, quality of materials 93.8%, 
price 83.9%, brand 20.9%, fashion 40.1%, advertisement 3.6%  



 
 
 
 
 
 

As shown in the figures 1a, 1b, 1c, the respondents never buy clothing items without analyzing the 
materials by reading the label (about 88.2%, figure 1a) and through handling (about 91.4%, figure 1b), 
or if the materials generate a feeling of discomfort after handling (about 95.7%, figure 1c). 
 

Assessments about the following statements: I do not buy 

clothes without analyzing the materials (by reading the label) 

52.9%

19.3%

16.0%

11.8%

strongly agree agree partially agree disagree  

Assessments about the following statements: I do not buy 

clothes without analyzing the materials (by handling them) 

55.1%
24.1%

12.3%
8.6%

strongly agree agree partially agree disagree  

1a 1b 
 

 

 

 
1c 

 

Figure 1. Answers regarding several criteria of purchasing clothing. 
 

Regarding the answers about the importance of various perceptions caused by the fabrics' handling, 
the respondents had to rank the three bipolar attributes for the feeling of sensory comfort, when buying 
a certain clothing product.  
 

 

Figure 2. Answers regarding the ranking of feelings 
caused by the fabrics' handling. 

 
The wording of the questions in the survey was in this case, as follows: Please, evaluate the 

importance of various perceptions caused by handling of the materials, perceptions that will create 
sensory feeling of comfort when buying a certain clothing product. Product: office attire; for 

Assessments about the following statements: I do not 

buy clothes that give me uncomfortable sensation  (by 

handling them) 

64.2%
22.5%

9.1% 4.3%

strongly agree agree partially agree disagree

The importance of various perceptions caused by fabrics 

handling when buying a certain clothing product

35.4%

36.4%

28.3% sensation of flexible/stiff

sensation of thin/thick 

sensation of light/heavy



 
 
 
 
 
 

the cold season; for women (skirt, dress or/and trousers) Scoring: 1- most important feature; 3-
 least important feature. Attention! Each attribute pair category will be given a different note” 

As shown in figure 2, the feeling of sensory comfort of the 187 women when buying office trousers 
for the cold season, can be called a "niche reaction to the market" characterized by bipolar attributes in 
the following order: thin/thick (36.4%), flexible/stiff (35.4%) and light/heavy (28.3%). 

3.3.  On the multi-criteria analysis based on a rating scale delivered by surveyed women 
Figure 3 summarizes all the important data in screenshot, namely the STAT-ADM main window, and 
the results visualization after running the software. 

The figure shows the active fields for data entry and follow-up; the subsequent stages according to 
the STAT-ADM software algorithm [8] are running through: 
 nominating the current experiment and nominating the criteria (A and B), specifying also the 

number of experimental variants; 
 nominating the measured values of the B group criterion and specify the number of the data for 
each combination (in our case, there are average values only, so the number is 1); 
 nominating the criteria importance by filling the options Criterion and Ranking, hence completing 
the hierarchy of criteria for the multi-criteria analysis; 
 filling headings Index and Average values after completing the above conversational fields with 
the average values of the three properties that are linked to the sensorial comfort for each fabric 
intended for manufacturing the trousers, as shown in table 2. 
 

 

Figure 3. Screenshot: 
STAT-ADM main 
window and results 
visualization. 

 
Figure 3 also contains inactive fields that become active only in a certain order, with quick launch 

buttons operated by a mouse click:  
 intermediate steps with the following calculations: Matrix of Consequences and Utility and, 
Matrix of Concordance and Discordance; for any of the two options, a submenu is activated and 
Calculated values,  otherwise Exist or Edit, become active;  
 the Results data field becomes active and is filled in automatically at the end of the application, to 
visualize the results of the experimental variants hierarchy, for selecting the optimal fabric article. 



 
 
 
 
 
 

According to the algorithm, each criterion has an assessment scale depending on the assigned 
technological relevance. The original approach in this paper was that the analysis criteria were actually 
the three groups of attributes for the sensorial comfort linked with three fabrics properties and in 
addition, the criteria grading was carried out according to the above ranked options achieved from the 
survey: thickness (36.4%), flexibility (35.4%) and heaviness (28.3%). Therefore, the criteria B listing 
grading according to the ranked option and importance coefficients calculation for STAT-ADM, were 
as follow: Criterion 1: Thickness (mm), grade 10, importance coefficient 0.370; Criterion 2: Flexibility 
(%), grade 9, importance coefficient 0.333; Criterion 3: Mass per surface unit (g/m2), grade 8, 
importance coefficient 0.297. 

The best fabric for pursuing the aim of this study corresponds to the maximal positive value of the 
difference sum column, after calculating the matrix of differences. In figure 3, the hierarchy in the 
Results field shows the fabric F7 as being the most adequate for manufacturing comfortable women 
office trousers for the cold season. The following fabric within the hierarchy is F1. According to the 
multi-criteria decision analysis, the worst choice to produce the "ready-to-wear trousers collection” 
would be the fabric F2. 

4.  Conclusion 
The outcome of this paper was that the sensorial comfort of the selected fabrics is strongly related to 
the consumers’ perception; therefore, some of the important groups of attributes for the sensorial 
comfort can be added as an assessment scale in the multi-criteria decision analysis, to be consistent 
with the reality.  

By using the STAT-ADM decision–making tool in this paper, it was possible to select, simply and 
quickly, the proper fabric out of the ranked options, by comparing them according to the assessment 
scale with previously established criteria given not by experts, but by a large group of consumer as 
decision makers.  

The original approach in this paper was that the analysis criteria were actually three groups of 
attributes for the sensorial comfort evaluation linked with three fabrics properties and in addition, the 
criteria grading was carried out according to the above ranked options achieved from the survey. 
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Abstract. For design of comfortable knitted fabric garments, it is necessary to know their
distribution of elastic properties under the deformation. The standard tensile testing methods
are not sufficient to explain distribution of these stretch properties. However, digital image
analysis technique adjusted to the standard tensile test method can perform detailed study on
distribution of local elastic deformation properties. The aim of this research was to develop a
new method for the measurement of the local deformations between dots of stretch knitted
fabrics during tensile testing. The image analysis approach was selected to calculate the
gradient deformation tensor under the extension ranging from 10 %, 20%, 30% and 40 % in
respective course, wale and bias directions. Moreover, this method was applied to know the
deformation distribution on cylindrical surface as well by stretching the fabric under different
extension. Subsequently the analysis of the deformation distribution by image processing
system in MATLAB was carried out to determine the compression between cylindrical model
and specimens. The results of image analysis were compared with ASTM D4964-96 standard
and the actual obtained experimental results.

1. Introduction
Stretch fabrics are considered to be of high importance in order to produce comfortable tight-fitting
garments with suitable pressure comfort [1, 2]. The clothing pressure exerted by tight-fitting is a kind
of force that occurs on the surfaces between clothing and human body. It is due to change in extension
and deformation of stretch fabric during contact with the body. For higher extension, there is higher
deformation of stretch fabric which results in higher pressure. Therefore, the deformation
characteristics are very important for stretch clothing from the comfort aspects [3]. The measurement
of deformations has always been an important topic in the evaluation of material properties, such as
material strengths or fracture parameters. However, a current problem in the characterization of fabric
stretch deformation is the difficulty of its measurement by manual methods such as tape measure,
ruler, vernier caliper, etc.

The digital image analysis is a state of art technique that can be used for accurate stretch
measurement. By using the universal tensile test supplemented with an image analysis system, it is
possible to capture not only the overall fabric deformation, but also the formation of localized
deformation zones. Image analysis is well suited for the characterization of material properties due to
faster data acquisition. It also has advantages of full field, non-contact, and high accuracy for



displacement and strain measurements [4]. However, the drawback of this method is its sensitivity
towards the surface of the research object. In addition, the digital camera characteristics, camera place
and direction toward the object, the distance between the object and camera, and illumination
conditions are important parameters to avoid the occurrence of image analysis errors [5,6].

The aim of this work was to use image analysis technique for measurement of fabric stretch
deformation and further investigation on local textile deformations during the tensile testing of knitted
fabrics as per ASTM D4964-96 standard in course, wale and bias directions. Moreover, this method
was further applied to know the deformation distribution on cylindrical surface by stretching the fabric
under different extension.

2. Materials and methods
2.1. Materials
The stretch interlock knitted fabric containing 80 % Polyamide (PA) and 20 % Lycra, having aerial
density of 197.59 g/m2 and thickness of 0.57 mm was selected for the experiment. The fabric was
conditioned for 24 hours before actual testing in standard atmosphere of 21 ± 1oC temperature and 65
± 2% relative humidity. For the image acquisition and analysis, the specimen was applied with dot
pattern of black color and the distance between the dots kept at 1 cm both in X axis and Y axis all over
the fabric surface in wale (sample 1), course (sample 2) and bias (sample 3) direction.

2.2. Methods

2.2.1. Concept of gradient deformation tensor
The concepts of gradient deformation tensor are introduced to quantify the change in shape of
infinitesimal line elements in a solid body. Figure 1 shows the straight line drawn on the undeformed
configuration of a solid. However, after the deformation, the line becomes as a smooth curve.

Figure 1. Concept of gradient deformation tensor

When we focus attention on a line segment dx, much shorter than the radius of curvature of this curve,
the segment would be straight in the undeformed configuration and almost straight in the deformed
configuration. Thus, no matter how complex a deformation we impose on a solid, infinitesimal line
segments are merely stretched and rotated by a deformation. If we know the displacement field in the
solid, we can compute dy from the position vectors of its two end points [7].dy = x + dx + u (x + dx ) − x + u (x ) (1)
Expand u (x + dx )as a Taylor seriesu (x + dx ) ≈ u (x ) + dx (2)dy = dx + dx = δ + dx (3)
We identify the term in parentheses as the deformation gradient, sody = F dx (4)
In general, deformation gradient tensor is given byF = I + ∇u
or in Cartesian components



F = δ + (5)F = 1 + u uu 1 + u (6)

Where ∇u is the displacement gradient tensor, also expressed as and I is the identity tensor
described by the Kronekor delta symbol asδ = 1, i = k0, i ≠ k (7)

2.2.2. Image processing with standard tensile method
The specimens were cut in wale, course and bias directions with dimensions of (length x width) of 30
cm x 5 cm. The digital image analysis was applied for the standard textile tension test ASTM D 4964–
96. The tensile force was applied at a speed of 100 mm/min and the gauge length was fixed at 20 cm.
For the image acquisition and analysis, the specimen was applied with dot pattern of black color and
the distance between the dots kept at 1 cm both in X axis and Y axis all over the fabric surface. The
images of stretched textile specimen were captured by a digital camera with resolution 4000 x 3000
pixels, ISO 200, aperture F 2.2, shutter speed 1/15s and distance to camera of 50 cm. The sequences of
deformed images at every step of 10 % of specimen elongation are shown in Figure 2(a-d). A special
algorithm was developed in MATLAB 7.10 (R 2010a) to automatically track the motions of the dots
and compute their centroid coordinates in a sequence of images before and after particular extension
percentage.

(a) 10 % extension (b) 20 % extension (c) 30 % extension (d) 40 % extension
Figure 2. Captured images under different extension percentage[3]

2.2.3. Image processing with cylindrical model method
The specimens were cut with dimensions of (length x width) of 89 cm x 10 cm in each direction and
were applied with dot pattern of black colour as discussed in previous section of tensile test. The
specimen was selected for analysis in wale, course and bias directions of fabric after covering on the
cylindrical model diameters of 24 cm and circumference of 79 cm. The high quality size RGB images
were captured with resolution 4000 x 3000 pixels, ISO 200, aperture F 2.2, shutter speed 1/15s and
distance to camera of 50 cm. The sequences of deformed images at every step of 10 % of specimen
elongation are shown in Figure 3(a-d).

(a) 10 % extension (b) 20 % extension (c) 30 % extension (d) 40 % extension

Figure 3. Captured images under different extension percentage at wale direction of cylinder model



3. Results and discussions
The results of images generate by MATLAB image processing tool box, the values of specimen local
displacements in the longitudinal and perpendicular to the tension directions were estimated
calculating the variation of each grid point height and width at every step of specimen elongation.
Figure 4 (a-f) shows the calculated values of gradient deformation tensor for 0 %, 10 %, 20 %, 30 %
and 40 % extension in course direction of knitted fabrics by tensile tester. It was clear that the images
got stretched along with the points marked on them under different extension. In the figure 4(b) shows
the value no extension and the result of image processing.

F = 1 + u uu 1 + u = 1.000 0.0000.000 1.000
When the value of (1 + u ) is deformation gradient in X axis and (1 + u ) is deformation gradient
in Y axis.

(a) RGB image (b) No extension (c) 10 % extension

(d) 20 % extension (e) 30 % extension (f) 40 % extension
Figure 4. Gradient deformation tensor by tensile tester

In the case Figure 4(c) at 10% extension represent deformation guardian according to dot pattern of
black colour was applied on the fabric is 1.00 cm. Therefore, the fabric deformation gradient in X axis
was changed from 1.00 cm to 0.978 cm and Y axis from 1.00 cm to 1.098 cm.

The application of the image analysis method was successfully to find out the deformation of
stretch fabric and the results represented the value of fabric change under difference extension that
used images from tensile tester (method 1) and cylindrical model (method 2) as shown in the Table1.
Width is the perpendicular of fabric extension direction and length is the fabric extension direction.
The method 1 exhibited the result of force value during capture of the images under difference
extension by tensile tester according to ASTM D4964-96. The calculated gradient deformation tensor
values were found to change in similar percentage as the level extension of fabric. Due to the fact that
the fabric was extended by tensile tester its independence distribution deformation than the fabric
covered on the surface of cylindrical model because the contact of two objects will have the friction
between each other.



Table 1.The value of gradient deformation tensor in width and length
Sample 1 Sample 2 Sample 3

10% 20% 30% 40% 10% 20% 30% 40% 10% 20% 30% 40%
Gradient deformation tensor in width
Method 1
Average 0.97 0.95 0.93 0.92 1.00 1.00 0.98 0.98 0.98 0.95 0.88 0.89
SD 0.010 0.008 0.008 0.009 0.010 0.014 0.008 0.013 0.015 0.011 0.026 0.007
%CV 1.06 0.89 0.90 0.98 0.99 1.41 0.83 1.32 1.49 1.11 2.97 0.81
Method 2
Average 0.96 0.96 0.93 0.87 0.98 0.97 0.94 0.93 0.99 0.95 0.89 0.83
SD 0.005 0.005 0.013 0.010 0.036 0.004 0.004 0.005 0.008 0.005 0.008 0.011
%CV 0.55 0.56 1.41 1.20 3.73 0.45 0.44 0.55 0.85 0.50 0.89 1.32
Gradient deformation tensor in length
Method 1
Average 1.10 1.20 1.31 1.42 1.11 1.23 1.36 1.43 1.11 1.22 1.41 1.44
SD 0.011 0.015 0.018 0.019 0.017 0.014 0.019 0.023 0.021 0.036 0.020 0.013
%CV 0.99 1.25 1.34 1.31 1.52 1.14 1.40 1.58 1.86 2.93 1.39 0.88
Method 2
Average 1.20 1.20 1.37 1.65 1.09 1.22 1.42 1.58 1.10 1.25 1.44 1.60
SD 0.010 0.006 0.021 0.014 0.006 0.008 0.008 0.015 0.004 0.010 0.025 0.049
%CV 0.82 0.51 1.57 0.83 0.59 0.69 0.53 0.95 0.32 0.78 1.74 3.09
Force(N) 1.31 2.48 3.61 4.59 0.30 0.58 0.91 1.22 0.52 0.98 1.48 1.95

Table 2.The result of pressure value of elastic fabric between fabric and cylindrical model
Pressure value (mmHg.)

Sample 1
Pressure value (mmHg.)

Sample 2
Pressure value (mmHg.)

Sample 3
10% 20% 30% 40% 10% 20% 30% 40% 10% 20% 30% 40%

Average 1.00 3.90 5.80 9.20 1.00 1.00 2.00 4.10 1.00 2.00 3.20 5.90
SD 0.00 0.32 0.42 0.42 0.00 0.00 0.00 0.32 0.00 0.00 0.42 0.32
%CV 0.00 8.11 7.27 4.58 0.00 0.00 0.00 7.71 0.00 0.00 13.18 5.36

The Table 2 presents the results of the compression between cylindrical model and specimens. The
PicoPress was used as one of the acceptable testers for pressure measurement by many researchers
[1,2,9,10]. For instance, Vinckx et al. used the tester to measure the interface pressure occurred from
the compression of elastic garment on a cylinder [8]. The PicoPress probe which features circular air
bag sensor. It has thickness of 0.2 mm when not inflated and of 3 mm when inflated. The probe
diameter is 50 mm before the measurement. The probe is inflated with 2 cc of air by means of
electronically controlled syringe integrated in the system. The experiment was set to measure each
pressure point after trying-on the sample and was repeated five times after every 20 seconds.
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Figure 5.the relationships of force and extension



The graph in the Figure 5 represents the force value and the percentage of elongation obtained from
the tensile tester according to ASTM D4964-96. The average values of force were used to find its
relationship with the percentage of elongation by simple linear regression. The sample 1 is wale
direction of fabric extension and its coefficient of determination was 0.9984. Similarly, the R2 of
0.9998 for sample 2 (course direction) and R2 of 0.999 for sample 3 (bias direction) was obtained. It
could be concluded that the relationship between the variables are very strong and simple linear
regression model best fits the data.

4. Conclusions
The application of MATLAB image analysis method was performed for measurement of fabric stretch
deformation by using the camera images captured during experiment. The image analysis algorithm of
gradient deformation tensor was developed to automatically track the motions of the dots and compute
their centroid coordinates in a sequence of images before and after particular extension percentage.
The validation of obtained results with simulated images obtained from MATLAB image processing
toolbox showed accurate implementation of gradient deformation tensor concept for determination of
elastic distribution properties of knitted fabrics. The results represented successful implementation of
image analysis method for measurement of fabric stretch deformation. In this way, the outcome of this
study will help to develop pattern construction of clothing of stretch fabric with appropriate pressure
distribution for comfortable body fitting.
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Abstract. In this study an in situ pore size measurement method was developed to determine 

the pore size changes of high density polyester woven fabrics under biaxial loading. This 

unique method allows the non-destructive testing of the pore sizes under biaxial loading. 

Changes in the pore size distributions of samples were in situ determined with the newly 

developed method. The results show that the developed measurement method is very 

promising to define the pore size changes of barrier textiles in situ under loading. 

1.  Introduction 

Polyester (PES) is commonly used synthetic fiber for the manufacturing of barrier fabrics. High 

density multifilament polyester woven fabrics can be used for the manufacturing of surgical gowns. 

Permeability and retention properties of barrier fabrics can be varied by choosing different process and 

material parameters [1]. Mechanical stresses (e.g. tension, bending) during use lead to a significant 

change in the pore morphology of the barrier fabric [2]. In studies [3-5] complex mechanical loads on 

surgical gowns during operations were analysed. It was found out that surgical gowns subjected to 

quasistatic and cyclic loads. These textiles were loaded by tension, pressure, shear and friction loads. 

The subjected loads were given approx. 0.4 N for underarm and up to approx. 20 N for elbows. These 

findings reveal a necessity of research for experimental determination of morphological changes 

(micro- and mesopores) under loads that come out during use. Therefore it is important to analyse the 

change of pore morphology under loading, in order to understand the barrier behavior in use. Existing 

measurement methods for the in situ and non-destructive analysis of pores are inadequate. Porosity 

measurement with liquid displacement method is suitable for the analysis of pores. However porosity 

changes under loads can’t be measured in situ. For this reason in this study the existing “liquid 

displacement” method is developed further for the in situ determination of pore size changes.   

 

2.  Experimental 

 

2.1.  Materials 

Polyester (PES) is the commonly used synthetic fiber for the manufacturing of barrier textiles. 

Excellent physical properties make it eligible for defining the barrier properties of fabrics. Choosing 

yarns with different construction parameters like fiber fineness, yarn fineness and yarn texture gives a 

high number of possibilities in order to define the barrier effect of the fabrics. For present research 



 

 

 

 

 

 

PES multifilament yarns were purchased from Trevira GmbH, Germany. Table 1 shows the further 

yarn parameters and their mentioned effect on porosity. 

 

Table 1. Properties of PES yarns used for weaving. 

Yarn 

type 

Warp yarn Yarn 

fineness 

[dtex] 

Filament 

fineness    

[dtex] 

Filament 

diameter     

[µm] 

Yarn view              

(light microscopy, 

100x) 

Mentioned 

effect on 

porosity 

Yarn 1 Multifilament    

100 dtex f40 

flat 

100 2,5 15,9 

 

As warp and 

weft yarn for 

the model 

weave 

Yarn 2 Multifilament    

100 dtex f128 

flat 

100 0,78 9,8 

 

As weft yarn/ 

Effect of 

filament 

fineness 

2.2.  Weaving and process parameters 

Considering the model weave construction parameters 6 woven fabrics were chosen for the 

experimental analysis of this study. These woven fabrics have different fabric constructions, yarn 

constructions and weave densities. On the basis of sample 1 as a standard model weave other samples 

were woven by varying the weft yarn, weave density index and fabric construction. Multifilament 

yarns with different construction parameters like fiber fineness were used as weft yarns. Weave 

density indices of the woven fabrics were calculated according to Walz-Luibrand [6]. 

PES barrier fabrics were woven on a rapier weaving machine PTS4/S EasyLeno (Lindauer Dornier 

Gmbh, Germany). Shed geometries of the weaving were asymmetric (lower shed > upper shed) and a 

full-width temple guide was used because of the insufficient function of the conventional temple 

guides. The fabrics were desized on an air flow washing unit (Then, Hong Kong) and then fixed at a 

coating machine (Coatema Coating Machinery GmbH, Germany) at a temperature of 200°C. 

 

Table 2. Properties of PES yarns used for weaving. 

Weave 

number 

Warp yarn Weft 

yarn 

Warp 

density 

[cm
-1

] 

Weft 

density 

[cm
-1

] 

Binding Weave 

density 

index  

Machine 

speed 

[rpm] 

1 Yarn 1 Yarn 1 68 36 Plain 1/1 0,9 300 

2 Yarn 1 Yarn 1 68 27 Plain 1/1 0,68 300 

3 Yarn 1 Yarn 1 68 22 Plain 1/1 0,55 300 

4 Yarn 1 Yarn 2 68 36 Plain 1/1 0,9 300 

5 Yarn 1 Yarn 1 68 39 Twill 2/2Z 0,55 300 

6 Yarn 1 Yarn 1 68 48 Twill 2/2Z 0,68 300 

2.3.  In situ pore size measurements 

Mean flow pore sizes and pore size distributions within the fabrics were determined using liquid 

displacement method by using pore size meter PSM 165 (Topas GmbH, Germany) according to the 

testing method based on ASTM E 1294-89 and ASTM F316-03. A perfluorocarbon (surface tension σ 

= 16 mN/m) was used as testing fluid. Here the challenge was the accomplishment of a measurement 

with the existing sample holder with connecting it to the pore size meter in order to measure the in situ 

pore sizes. The sample holder should have the capability to fit to the biaxial sample under loading to 

take the measurement. For these reasons the test instrument was modified by adding a special sample 



 

 

 

 

 

 

holder which is connected to the standard measuring cell in Topas GmbH (Figure 1). This special 

sample holder is designed to measure the pore sizes and pore size distributions when the fabrics are 

under monoaxial or biaxial tension. Air supply is connected with a hose from the test instrument to the 

special sample holder. The woven fabric under tension can be clamped with this special sample holder 

and air can be carried to the clamped sample with this hose. The height of the sample holder is also 

adjustable to achieve to clench the tensioned woven fabric. 

 

     
 

Figure 1. Construction of the special sample holder (left, Topas GmbH) and in situ measurement 

of pore sizes under biaxial loading (right). 

2.4.  Biaxial loading 

PES barrier fabrics were biaxially loaded in different loading situations from 30% to 50% of the 

breaking load of the fabric. The samples were acclimatized for all the tests mentioned below at 

standard atmosphere for conditioning according to DIN EN ISO 139:2005 + A1:2001. A biaxial 

tensile test machine (Zwick GmbH, Germany) was used for the measurements. As biaxial tensile tests 

were performed at different loads with respect to breaking force of fabrics, therefore breaking forces 

of PES high density woven fabrics in warp and weft directions were measured according to the textile 

testing methods based on DIN EN ISO 13934-1. A uniaxial tensile test machine UPM 1445 (Zwick 

GmbH, Germany) was used for the determination of breaking forces. Table 3 shows the breaking 

forces of barrier fabrics which are used for the analyses. 

 

Table 3. Breaking force values of PES woven fabrics. 

Sample 

number 

Breaking force in 

warp direction [N]  

Standard 

deviation 

 Breaking force in 

weft direction [N]  

Standard deviation 

1 1080 88.1 659 20.9 

2 1220 18.9 502 6.65 

3 1190 53 433 11.5 

4 1150 67.3 660 14.3 

5 1320 69.4 758 10.5 

6 1350 52.4 911 8.53 

 

There is not a defined sample dimension for the tensile testing of textiles under biaxial loading. The 

sample dimensions were adapted from the norm MSAJ/M-02-1995 which is a testing method for 

elastic constants of membrane materials. Figure 2 shows the adapted cross sample with dimensions. 

Sample preparation, type of loading and machine speed were reconsidered from the past experiences 

[7]. Barrier fabrics were loaded at biaxial tensile testing machine from 30% up to 50% of breaking 

load. A preloading force of 5 N was used for testing and the machine was set at 5 mm/min extension 

rate. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Sample dimensions for biaxial testing 

adapted from testing method according to the 

norm MSAJ/M-02-1995. 

 

3.  Results and discussion 

 

3.1.  Pore size distribution under loading 

Figure 3 shows the cumulative pore portions of chosen samples. Fabric and construction parameters of 

chosen samples are already given in Table 2. Pore portions without loading and under loading 30, 40 

and 50% of breaking force are shown in following graphs. It is clear that in all samples the pore size 

distribution changes due to application of load. Furthermore it is also observed that pore size increased 

with increase in biaxial tensile loads. The largest enlargement is reported in sample 3, while the least 

change is observed in sample 1. In sample 3 the maximum pore size is around 16 µm without loading 

and after a loading of 50% it becomes around 221 µm. Under this loading, 16.4% of the pores are 

bigger than 16 µm, which shows that these pores come out after biaxial loading. The results show that 

larger mesopores in the plain woven fabrics lead to larger enlargement of pores after loading when a 

comparison was made between sample 1, 2 and 3. Sample 1 shows a maximum pore size of around 9 

µm without loading and it becomes around 47 µm under a loading of 50% of breaking force. 19.1% of 

pore sizes are larger than 9 µm after loading of 50%, which is a higher value than the one in sample 3. 

 

  

  
  

Figure 3. Cumulative pore portions of chosen samples. 



 

 

 

 

 

 

Twill weave shows a different tendency when compared with plain weave having same weave 

density index. Under a loading of 50% of breaking force in sample 5 only 5.8% of pores are larger 

than the maximum pore size without tension, which is around 15 µm. This value is 16.4% in plain 

woven sample with same weave density index. The effect of loading to the pore sizes seems less in 

twill weave than in plain weave. The main reasons could be the bindings of fabrics which affect also 

to the permeability properties of these kinds of woven fabrics [1] and weft density of the fabrics; twill 

weave with same density index as plain weave has higher weft density (sample 3 and sample 5) . In 

twill woven fabrics the enlargement of the mesopores is not alike plain woven fabrics. In 1/1 plain 

woven fabrics a better orientation of yarns in 0° and 90° directions can be achieved when compared 

with 2/2 twill woven fabrics. This orientation difference could change the enlargement of mesopores 

under loading. Moreover, there is not a mentionable change at pore size range of sample 5 under 

loading 30% of breaking force. The mentionable change starts after 40% loading and the maximum 

pore size increases from around 15 µm to around 42 µm under 40% loading. 

 

3.2.  Mean flow pore sizes 

Samples were evaluated in respect to their mean flow pore sizes in order to see the effect of fabric and 

yarn construction parameters. Figure 4 shows the comparison of mean flow pore sizes of 1/1 plain 

woven samples with different weave density indices according to Walz-Luibrand. It can be observed 

that under loading of 40% of breaking force there is an increase at mean flow pore sizes in all the 

samples. The change in the pore size distributions also influences the mean flow pore size values. 

Moreover a decrease of weave density index by decreasing the weft density leads to higher mean flow 

pore size values. This is also valid for under tensile loading measurements. 

 

  
Figure 4. Mean flow pore sizes of plain woven 

samples with respect to fabric index. 

 

Figure 5. Mean flow pore sizes of plain woven 

samples with respect to filament fineness. 

 

 

 
Figure 6. Mean flow pore sizes of twill woven 

samples with respect to fabric index. 



 

 

 

 

 

 

Figure 5 shows the mean flow pore sizes of plain woven samples with respect to filament fineness. 

It is observed that both of the samples show an increase in mean flow pore size values under tension, 

but this increase is substantial in sample 4. Sample 4 shows a lower value of mean flow pore size than 

sample 1 in unloaded condition. This could be due to the effect of filament number, which changes the 

permeability properties of woven fabrics [1]. But it is hard to make the statement that sample 4 

preserves its barrier properties under loading.  

Figure 6 shows the comparison of mean flow pore sizes of 2/2 twill woven samples with different 

weave density indices. It is seen that the twill woven samples show a different trend than plain woven 

samples under loading. Increase in mean flow pore size values under tension is very small in 

comparison with plain woven samples. This could be because of the small change in pore size range in 

twill woven samples which was discussed above. Both findings show that loading has not a 

mentionable effect on pore size change up to 40% of breaking load. Increase of mean flow pore size 

values by decreasing the weave density is also valid with twill woven samples. 

4.  Conclusion 

The pore size distributions and mean flow pore size values appear to change under tensile loadings and 

these changes can be recorded by the newly developed method. In general, pore size distribution of 

plain woven samples have higher tendency to change under biaxial tensile loads than pore size 

distribution of twill woven samples. Furthermore, there is not a significant change in pore sizes under 

30% of breaking force in twill woven sample whereas significant changes are observed at 40% of 

breaking force. Furthermore, the change in pore size under loading is different depending upon weave 

density index, fabric construction and yarn construction. Sample with lower weave density index 

showed higher pore size changes under tensile loading. Changes in mean flow pore size values were 

also observed under tensile loading. Samples showed increased mean flow pore size values under 

tension. This increase was more prominent in plain woven samples than twill woven ones. Twill 

woven samples showed minor increase of mean flow pore sizes under tension. This is also valid for 

different weave density indices. From these findings, it can be inferred that in situ determination of 

pore sizes under loading with the new developed method showed promising results. 
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Abstract. Compared with viscose fibre, modal fibre is characterized by some advantageous 

properties such as higher dry and wet tenacities, higher wet modulus, lower water retention 

capacity and lower level of swelling. Impact of different knitted fabric structure made of cotton 

and 97 % CMD/3 % EL fibres on thermo-physiological comfort and microbial barrier properties 

were investigated. All knitted fabrics have very good physiological properties. The microbial 

barrier permeability of knitted fabric after extreme contamination with bacterial spores in dry 

state showed that double jersey offered more effective microbial barrier than the single jersey 

knitted fabrics respectively the greater thickness of double jersey knitted fabric provide more 

difficult barrier to bacterial spores to pass. In wet state all knitted fabrics have more effective 

microbial barrier which could be explained by cellulose fibres swelling. In wet state 97 % 

CMD/3 % EL single jersey knitted fabric have more effective microbial barrier then cotton 

double and single jersey knitted fabrics.  

1.  Introduction 

Modal viscose fibre is one of the fibres from regenerated cellulose fibres group. Compared with viscose 

fibre, modal fibre is characterized by some advantageous properties such as higher dry and wet 

tenacities, higher wet modulus, lower water retention capacity and lower level of swelling [1,2]. 

Therefore, modal fibre is frequently used as an alternative to cotton or viscose fibre due to its better 

properties to provide fabrics with more functional and aesthetic fabric properties [3]. The combination 

of modal fibre with cotton fibre is commonly used in a wide range of knitwear applications including 

underwear, shirting, blouses, dresses etc. Hygienic problems arise when textiles impair the antimicrobial 

defence of skin by causing mechanical influence to the barrier function, but also by increased humidity 

caused by clothing and shoes [4]. Textile materials often present a problem when dealing with 

microorganism control since microorganisms use textiles to survive due to humidity and easily 

accessibly [5,6]. Structure and raw material of clothes have a strong effect on sweating and thus odor 

development. High humidity represents a favorable condition for bacteria growth where sweat is an 

ideal bacterial breeding ground. Most of odors associated with the human body are the result of micro-

organisms digesting nutrients present in sweat [7-13]. Development of sweat caused by textile leads to 

increase of the metabolic activity of skin bacteria, accumulation of odorous products of the bacterial 

metabolism, loss of textile performance and/or textiles discoloration [14-18]. Research of different 

textile materials influence on bacterial growth determined by quantitative analysis was recently reported. 



 

 

 

 

 

 

A trend for a lower overall growth on natural polymer materials compared to synthetic materials under 

certain conditions of humidity was observed. Lower overall growth of bacteria was supposed to be 

because of a reduction in free water content by the water-absorbent natural polymer materials [19-23]. 

Impact of two different knitted fabric structure made of cotton and modal fibres on thermo-

physiological comfort and microbial barrier properties were investigated. Selected knitted fabrics 

commonly are used for underwear and T-shirt respectively for garments worn next to the skin. 

 

2.  Materials and Methods 

The research work was carried out on 100 % cotton single jersey and double jersey knitted fabric and 

97/3 % modal/elastane single jersey knitted fabric. In the analysis of the parameters of the knitted fabric 

structure basic parameters such as horizontal (Dh) and vertical fabric density (Dv), fabric thickness (t) 

and mass per unit area (m) are significant and therefore tested [19].  

2.1.  Thermo-physiological properties 

Thermo-physiological properties was determinate by measuring water-vapour resistance under steady-

state conditions, using the Sweating Guarded Hot Plate [Figure 1]. The equipment simulates the flow of 

moist heat from the skin in the form of insensible sweating. The data is used to measure the water vapour 

resistance and determine the level of "breathability".  

 

 
Figure 1. Sweating guarded hot plate, Measurement Technology Northwest 

 

The sample to be tested is placed on the heated plate with the conditioned air ducted to flow along 

and parallel to its upper surface. During determination of water-vapour resistance, the surface of the 

porous plate is kept constantly moist by means of a water-dosing device. A smooth, water-vapour 

permeable, but liquid-water impermeable cellophane membrane shall be fitted over the porous plate. 

For the determination of water-vapour resistance (Ret) the temperature of the measuring unit needs to be 

set at 35 °C, air temperature at 35 °C, relative humidity of 40 % and air speed at 1 m s-1. After reaching 

the test conditions and steady–state the recording of values can be started. Water-vapour resistance of 

the tested material is determined as the arithmetic mean of the values of three individual specimens. The 

water-vapour resistance of the fabric is calculated according to the following equation [20]: 
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where: Ret is the water-vapour resistance in m2 Pa W-1, pm is the saturation of water-vapour partial 

pressure in Pa at the surface of the measuring unit at temperature Tm in °C, pa is the water-vapour partial 

pressure in Pa of the air in the test enclosure at Ta °C, A is the area of the measuring unit in m2, H is the 

heating power supplied to the measuring unit in W, ΔHe is the correction term for the heating power in 

W, and Ret,0 is the bare plate evaporative resistance in m2 Pa W-1.  

2.2.  Microbial barrier properties 

Microbial barrier properties were tested using bacterial spores of the Bacillus genus Geobacillus 

stearothermophilus 105 (ATCC 12980, DSM 22) and Bacillus atrophaeus 106 (ATCC 49337, DSM 

7264) in dry and wet state. Knitted fabric was fastened in a ring-like device (sample diameter of 55 mm). 

Method of testing microbial barrier permeability in dry conditions involves directly rubbing the 

microorganisms onto the sterilized samples. Incubation of 24 hours followed. After 24 hours the print 

was taken using a CT3P agar print plate (bioMe´rieux SA, Marcy I’Etoile, France). The first print was 

taken from the back side and then with new plate from the front side of the knitted fabric. Agar plates 

were incubated for 72 h at 35 ºC. After incubation colony forming units (CFU) were counted [21, 22].  

The test of microorganism permeability through the wet sample (sample is actually moist to simulate 

sweat) is modified to the own method. The microorganism permeability test in wet state gives 

microorganism permeability of fabrics which become moist during increased physical activity where 

favorable conditions for the growth of bacteria’s are created.  

Sterilized sample was fixed on the ring and 1 ml of distilled water was applied to sample. After 

wetting of the sample microorganisms in the dry state were applied and the above referred procedure is 

repeated. 

 

 
Figure 2. The modified method of testing microbial barrier in wet state 

3.  Results and discussion 

The results of knitted fabric parameters, thermo-physiological and microbial barrier properties are  

given in tables 1-3 and shown oh figure 1. The value of mass per unit area of 100 % cotton single jersey 

knitted fabric is 149 g/m2, 100 % cotton double jersey knitted fabric amount 193 g/m2 and 97/3 % 

INCUBATION 48 h + 5°C 

INCUBATION 24 h H2O 1ml 



 

 

 

 

 

 

modal/elastane single jersey knitted fabric is 190 g/m2 (table 1). Thickness of the both single jersey 

fabrics are relatively same (0.36 mm respectively 0.38 mm) while thickness of double jersey knitted 

fabric is 0.60 mm. The double jersey knitted fabric is 38 % respectively 40 % thicker then single jersey 

fabrics. The horizontal density of single (16 loop / cm respectively 12 loop / cm) and double jersey 

knitted fabrics (15 loop / cm) are lower than vertical. The vertical density of single jersey knitted fabric 

is 16 loop / cm respectively 20 loop / cm while double jersey fabric has 22 loop / cm. 

 

Table 1. Knitted fabric parameters 

Sample m, g m-2 SD t, mm SD Dv, cm-1 SD Dh, cm-1 SD 

100 % cotton 

single jersey 
149 0.03 0.38 0.01 16.0 0.71 12.4 0.55 

100 % cotton 

double jersey 
193 0.03 0.60 0.01 19.9 0.74 15.4 0.42 

97 % CMD/3 % EL 

single jersey 
190 0.01 0.36 0.01 20.2 0.84 16.3 0.45 

where: m is the mass per unit area, g/m2; t is the thickness, mm; Dh is the horizontal fabric density, 

cm-1; Dv is the vertical fabric density, cm-1; SD is standard deviation. 

 

The values of water vapour resistance (Ret) of knitted fabrics ranged from 3.69 to 4.34 m2 Pa W-1 and 

have very good physiological properties (table 2) [19]. The water vapour resistance of the 97/3 % 

modal/elastane single jersey is lowest compared to single and double jersey knitted cotton fabrics. 

Differences of water vapour resistance between two different structures (single and double jersey) and 

raw materials (cotton and 97/3 % modal/elastane) are not significant considering that human body cant 

detected and feel such a small difference in comfort. Although results of water vapour resistance suggest 

that there is no significant difference between cotton and 97/3 % modal/elastane knitted fabric it should 

be taken into account of smooth modal fabric surface pleasant to touch which makes modal fabrics soft 

and gentle and thus more comfortable to wear. Modal fabrics are well known for rapid absorption, which 

could lead to subjective feeling of better comfort. 

 

Table 2. Thermo-physiological properties of knitted fabrics 

Sample 
Ret, m2 Pa W-1 

M, m2 Pa W-1 SD, m2 Pa W-1 CV, % 

n1 n2 n3 

100 % cotton 

single jersey 
3.8009 3.9870 4.4047 4.0642 0.2525 6.21 

100 % cotton 

double jersey 
4.5791 4.3016 4.1349 4.3385 0.1832 4.22 

97 % CMD/3 % EL 

single jersey 
3.7528 3.7557 3.5727 3.6937 0.0856 2.32 

where: Ret is the water vapour resistance, m2 Pa W-1; n1, n2, n3 are individual measurements of the 

water vapour resistance, m2 Pa W-1; M is mean value of the water vapour resistance, m2 Pa W-1; SD is 

standard deviation, m2 Pa W-1; CV is coefficient of variation, %. 

 

The results of the microbial barrier permeability of knitted fabric in dry and wet state after extreme  



 

 

 

 

 

 

contamination are given in table 3. The microbial barrier permeability of knitted fabric after extreme 

contamination with bacterial spores of Geobacillus Stearothermophilus and Bacillus Atrophaeus in dry 

state showed that double jersey offered more effective microbial barrier than the single jersey knitted 

fabrics. It could be explained by the thickness of double jersey fabric. The greater thickness of double 

jersey knitted fabric provide more difficult barrier to bacterial spores to pass.  

In wet state all knitted fabrics have more effective microbial barrier which could be explained by  

cellulose fibers swelling. The 97 % CMD/3 % EL single jersey knitted fabric have slightly more 

effective microbial barrier then cotton double jersey and significantly more effective microbial barrier 

then cotton single jersey knitted fabrics. By comparing two different structure of 97 % CMD/3 % EL 

single and cotton double jersey knitted fabric it is visible that double jersey have for 40 % greater 

thickness while horizontal and vertical density are almost same. More affective microbial barrier of 97 

% CMD/3 % EL single jersey knitted fabric in wet state may be explained by greater swelling of modal 

fibres (up to 50 % considering cotton fibres) where stitches openings as well as openings between 

stitches of knitted fabrics decrease.  

 

Table 3. Microbial barrier properties of knitted fabrics 

Sample 
Number of 

isolates 

Colonies/plate Mean ± SD (range) 

Dry state Wet state 

100 % cotton 

single jersey 
12 124 ± 50.8 (51-182 ) 19 ± 20.7 (1-46) 

100 % cotton 

double jersey 
12 20 ± 5.0 (14-25) 9 ± 1.7 (8-11 ) 

97 % CMD/3 % EL 

single jersey 
12 58 ± 16.6 (33-76) 8 ± 2.6 (5-10 ) 

 

The thickest sample (0.60 mm) is double jersey knitted fabric which has highest water vapour 

resistance (4.3385 m2 Pa W-1) as well as smallest differences of microbial barrier properties in dry (20 

colonies) and wet (9 colonies) state (figure 3, table 3). The single jersey cotton fabric has biggest 

differences in microbial properties in dry (124 colonies) and wet (19 colonies) state. The smallest water 

vapour resistance has 97 % CMD/3 % EL single jersey knitted fabric (3.6937 m2 Pa W-1). The same 

fabric have best effect of microbial barriers in wet state (58 colonies in dry state and 8 colonies in wet 

state). It can be concluded that 97 % CMD/3 % EL single jersey knitted fabric in relation to single and 

double jersey cotton fabrics is more suitable for garments worn next to the skin especially during sport 

activities. 

 



 

 

 

 

 

 

 
Figure 3. Water vapour resistance and microbial barrier properties of knitted fabrics 

 

4.  Conclusion 

Comparing the single and double jersey cotton fabrics with the 97 % CMD/3 % EL single jersey it can 

be observed that there is no significant difference between their water vapour resistances. However, 

modal fabrics are well known for smooth, soft and gentle surface pleasant to touch including rapid liquid 

absorption which could lead to subjective feeling of better comfort.  

The microbial barrier permeability of knitted fabric after extreme contamination with bacterial spores 

of Geobacillus Stearothermophilus and Bacillus Atrophaeus in dry state showed that double jersey 

offered more effective microbial barrier than the single jersey knitted fabrics. It could be explained by 

greater thickness of double jersey knitted fabric that provide more difficult barrier to bacterial spores to 

pass.  

In wet state 97 % CMD/3 % EL single jersey knitted fabric have more effective microbial barrier 

then cotton double and single jersey knitted fabrics. More affective microbial barrier of 97 % CMD/3 

% EL single jersey knitted fabric in wet state could be explained by greater swelling of modal fibres 

where stitches openings of knitted fabrics decrease.  
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Abstract. The purpose of this work is to find out the influence of thread type, extension ratio 

and number of cycles to decrease in strength due to stress. In this study four different ratio of 

spun polyester and polyamide threads are used to sew the textile material (used for car seat 

cover) by a lockstitch sewing machine. The measuring system simulation of cyclic load has 

been used. The tensile load, which corresponding to 20 %, 30 %, 40 %, and 50 % of the 

breaking extension of seam, acting on the experimental specimens with different type of was 

calculated. Based on the results of experimental measurements, which were closer to the real 

using conditions of seat covers, it can be stated that with increasing number of cycles, the 

strength due to the influence of the stress were decreased. 

1. Introduction 

The present study is related the field of technical textiles, respectively of car seat covers, where sewn 

seams and materials are subjected to variable loads, leading to various deformations during the process 

of product usage [1].This deformation strongly manifested in the seams.Technical textile for the 

automobile interiors shall have high elasticity with abrasion resistance and strength at the same time. 

Special attention is given to the sewing seams mechanical properties, because the strength of sewing 

seams is less, then the fabric strength [2-4]. 

Sewing is known one of the main parts in the technical textiles production. As well as safety 

characteristics are concerned, the seam strength is the chief quality parameter of clothing and technical 

textiles.The seam characteristics include: strength, elasticity, durability, safety, and appearance. 

Inconsistency of these characteristics can lead to significant differences in seam behavior and it also 

can affect their deformation characteristics [5]. 

The present work is based on experiments, which determine the deformation properties of the 

seams in warp direction in car seat covers depending on the type of sewing thread and extension size 

under cyclic loading. PES and PA multifilament sewing threads with different linear density were used 

to sew sandwich type of material. From seams strength at break average with different type of threads, 

the size of sample extension was calculated.The force needed for loading the specimen under exactly 

elongation was measured without pretension. 

This paper deals the most important influences on the deformation of the samplewere monitored, 

such as: 

 The effect of the thread type on the loading; 

 The effect of elongation values to the sample deformation; 

 Influence of the number of cycles to decrease in strength due to stress. 



 

 

 

 

 

 

The seam strength under exactly extension after each cycle and for different type of thread is 

obtained. For better understanding, the mechanical properties of sewing seams with different threads 

these results were compare between each other. Based on experimental results with the average value 

of cyclic load after three cycles is possible to predict the durability of the seam or when seam rupture 

will occur. Knowing the behaviour of sewn seams during and after cyclic loading probably guess how 

long these seams will retain its durability. 

2. Methodology 

In order to have an idea about the real behaviour of the seam in car seats cover, the deformation should 

be occurring continuously over a period of time. The feed speed of jaws should correspond to real 

conditions of product usage. For this purpose a measurement sequence of cyclic loading effect on 

seam’s seat cover was developed. 

2.1. Materials used 

Properties of sewing seam depended on many factors. To know behavior of seam it is necessary to 

find parameters of seam components. 

Sandwich-type of fabric was use for preparing samples for testing mechanical properties of sewing 

seam under cyclic loading. Parameters of fabric are shown in table 1. 

Table 1. Material properties 

Parameter Value 

Width [mm] 1520 ± 30 

Weight [g/m
2
] 560  ±  40 

Thickness [mm] 6.4 ± 0.5 

Lamination [kg/m
2
] 35 (ESTERFOAM) 

Material [g/m
2
] 100% PES 

Backing [g/m
2
] 55 (65%PES/35%CO) 

 

In order to investigate the effect of different sewing threads on seam strength, four different threads 

were used for specimens preparing. These threads commonly used in industry to sew car seat covers. 

Tensile testing was performed using standard methods ISO 2060 [6] and ISO 2061 [7], the following 

table 2 shows the experimentally determined parameters of sewing thread. 

Table 2. Parameters of sewing threads 

Property Type B  Type C Type H  Type M1  

Thread 

content 
PA 6.6 PA 6.6 PES PES 

Linear 

density 
Nm 30/3 Nm 40/3 Nm 30/3 Nm 40/3 

Actual thread 

density T[tex] 
107,8 79,0 94,8 78,7 

Twist [t/m] 347 409 375 416 

 

For this research of effect of cyclic loading seams specimens sewn with the type of the seam 

1.01.01/301 [8], according to the required standard ISO 13935-1 [9] by lockstitch were prepared. The 

optimal pretension of upper and lower sewing threads (4N and 1N respectively) for quality seam was 

necessary to set up in sewing machine. 

 



 

 

 

 

 

 

2.2. Applied device 

The measuring system simulation of cyclic load has been used; schematic illustration of measuring 

system is shown in the figure 1. Measuring system for programmed measurement and evaluation of 

mechanical properties of liner and flat flexible materials consists of the measurement hardware with 

built-in measuring unit with the sensor system for testing tensile and cyclic load and their mechanical 

deformations [10]. It is composed of: 

 

 

 

 Electromotor-servomotor 

 Shaft 

 Measurement system 

 Upper fix jaw 

 Lower movable jaw 

 Analog-to-digital amplifier 

 Control unit of motor 

 Computer 

Figure 1. Schematic illustration of 

measuring system of cyclic loading 

 

 

The computer sends a command to controller. Then, from the controller the control signal transmit 

to the driver, which generates pulses to the windings of the motor coils, thereby to set it in motion. A 

force arises on the upper jaw as a result of the lower jaw motion. This force acts on the strain gage. An 

analogy signal is generated at the output of the strain gauge. Digital transmitter is used for processing 

this signal. The final results of measurements from digital transmitter transferred to computer. 

3. Experimental part 

The previously prepared samples were freely positioned centrally between the jaws. For simulation of 

real conditions of person sitting on the car seat, where mostly we talk about dynamic stress, jaw 

displacement speed was set to 175 mm/s. Decrease of strength due to stress depending on specified 

extension was measured during the experiment. Elongation values acting on the experimental samples 

was determined 5 mm, 7,5 mm, 10 mm, 12,5 mm, corresponding to 20%, 30%, 40% and 50% from the 

average of the maximum elongation at break for all specimens with different thread type.. 
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Where: 

averagel - mean value of the breaking extension of seam for all experimental samples with different 

types of thread 

nlmax - breaking extension of seam with a certain type of thread, where the n - type of thread 

The breaking extension seam rupture was determined according to ISO 13935-1 [9]. 

3.1. Cyclic loading process 

The diagram of cyclic loading process, which shows the decrease in strength on the time, is shown in 

the figure 2. 



 

 

 

 

 

 

 

Figure 1. Diagram of cyclic loading process 

After loading (AB) sample was remained in the position of stress relaxation for 1 min (BC). After 

this time the sample was unloaded (CD). This process was repeated 10 times.Stress relaxation 

followed subsequently during 20 minutes (EF). 10 min of relaxation is followed after unloading (GH). 

3 repetition of whole process of cyclic loading was performed. 

3.2. Evaluation of cyclic loading of seams 

The result is a difference of decrease in sewing seam strength depending on the applied extension 

under cyclic loading. Based on the measured values, the variation decrease in seam strength due to 

stress depending on the applied extension was calculated according to [11]: 
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Where: 

Sfatigue–the magnitude of seam fatigue or the percentage of lost strength after specified number of 

cycles [%] 

X - the maximum force at specified elongation during initial (fixed) repetition [N] 

Y - the maximum force at the same specified elongation during follows (fixed) repetition [N] 

To evaluate this occurrence in detail the deformation properties of sewing seams under cyclic 

loading were also determined according to EN 14704-1. 

In this research, the difference in seam strength under cyclic loading between 1
st
and 2

nd
 repetitions 

and 2
nd

 and 3
rd

repetitions were calculated in percentage. 

 

4. Results and discussion 
Figure 3 shows the cyclic loading of seam made from the thread type C. The stress strain curve is 

obtained with a specific extension(in this case is 10mm). 



 

 

 

 

 

 

  

Figure 3. Stress-strain curve of cyclic loading 
Figure 2.Cyclic loading of the sample at time 

From the figure 4, that during the first repetition with 10 cycles and 20 min of stress relaxation, the 

cyclic curve is decreasing. During stress in 1
st
 repetition of load the force needed for loading was 

decreasedby18.37%. After a 10 min of relaxation of seam sample, the load of the 1
st
 cycle in 2

nd
 

repetition was increased to 7.5% and decrease to 15.72% after full 1
st
repetition. After 2

nd
complete 

repetition the load was increased to 2.8% in 1
st
 cycle of 3

rd
 repetition and the curve was decreasing in 

amount 3.5% when compare with 1
st
cycle of 2

nd
 repetition. In all measurements with different size of 

prolongation and different type of threads used to sew the seams an analogy tendency was observed. 

The results of differences in seam strength during cyclic loading for each type of thread with a 

defined extension are presented graphically in figure 5. 

 

 

 

Figure 3. Comparison of the decrease in seam strength under cyclic loading for each type of thread 

with defined elongation 

From series of experimentation of cyclic loading, it was revealed that the strength of the specimen 

decrease during loading in comparison with different size of elongation for each type of sewing seam. 

From the figure 3, it was noted that there was greater difference between the 7.5 mm and 10 mm 

elongation as compared to the difference between 5mm and 7.5 mm, and 10 mm and 12.5 mm 



 

 

 

 

 

 

respectively. However, a decrease in seam strength was also observed for each seam along with 

incrementing number of repetition. It might be due to fact that larger elongation of the fabric damages 

its flexibility and there will be more stretching in the fabric seam in comparison to the fabric itself. 

It was also witnessed that there was plastic deformation in all samples, however this deformation 

enhanced, when the elongation was around 12.5 mm. 

From the figure 3 it is evident that with increase in value of elongation, the value of force required for 

loading of samples is bigger. At the same time, the decrease in stress forces between each repetition is 

obviously larger in the cases of bigger extension. With higher elongation, which applied to the sample, 

the seam strength at each successive repetition is declining relatively quickly. The difference between 

loading value of each follows repetitions in case of lower deformations 20% and 30% of the mean 

value of the breaking extension of seam for all specimens with different type of sewing threads much 

less, that in another cases.  

5. Conclusion 

The analysis of cyclic loading in sewing seams in car seat covers was carried out. The force, which is 

necessary to load at each subsequent cycle, decrease in strength due to a certain extension and time 

course of deformation during experiments was determined.  

On the basis of gained results analyses of cyclic loading of the sewing seams in car seat covers, it 

was been found out, that in order to reach the same deformation of specimen during of 3d repetitions 

with 10 cycles in each, lesser load is required, that in the following repetition. Further, was investigate, 

that the samples with seam used PA 40 and PA 30 threads offer less resistance to the stretching 

loading. 

Having analysed effect of cyclic loading on sewing seams in car seat covers, it can be stated that 

with increasing number of cycles, the strength due to the influence of the stress were decreased. At the 

same time based on experimental results, which were closer to the real using conditions of seat covers, 

it can be expected, that with further increasing cycles, the strength due to stress will not change.  

6. References 

[1]  Kulhavý P, Kovalova N and Vosáhlo J 2015 Proc. Int. Conf EAN2015 (Český Krumlov) (Prague: 

Czech Technical University in Prague) p 195-202 

[2]  Geršak J 1991 Determining the strength of sewn seams on clothes. Tekstil 40 (8) p 361-368. 

[3] Nurković M, Geršak J 2000 Study of seams behaviour at cyclic loading Proc. 3rd Int. Conf. 

IMCEP 2000, Maribor, Faculty of Mechanical Engineering p 224-231 

[4] Ujevic D and Kovacevic S 2004 Impact of the seam on the properties of technical and nonwoven 

textiles for making car seat covering INJ 13 p 33-41 

[5]  Barbulov-Popov D, Circovic N and Stepanovic 2012 J The Influence of Stitch Density and of the 

Type of Sewing Thread on Seam Strength  TEM J 1 (2) p104-110 

[6] ISO 2060:1994 Textiles: Yarn from packages-Determination of linear density (mass per unit 

length) by the skein method 

[7]  ISO 2061:2010 Textiles: Determination of twist in yarns-Direct counting method 

[8]  ISO 4916: 1991Textiles - Seam types - Classification and terminology 

[9]  ISO 13935-1: 2014 Textiles - Seam tensile properties of fabrics and made-up textile articles - Part 

1: Determination of maximum force to seam rupture using the strip method 

[10]  Geršak J 2012 Measuring system for programmed measurement and evaluation of mechanical 

properties of linear and flat flexible materials, Patentno. SI 23645  

[11] Bagnaci B, Shanbeh M and Ghareaghaji A 2010 Effect of tensile fatigue cyclic loads on bagging 

deformation of elastic woven fabrics IJFTR 35 p 298-302 

 

Acknowledgments 

This work was supported by the Ministry of Education of the Czech Republic within the SGS project 

no.21200 on the Technical University of Liberec. 

 



Visual colour fastness assessments for multi-coloured fabrics

K Kuramoto1, M Yoshihisa2, S Kitaguchi2, T Sato2

1 Kaken Test Center, 4-4-20 Hongokucho Nihonbashi Chuo-ku Tokyo, Japan
2 Kyoto Institute of Technology, Matsugasaki Sakyo-ku Kyoto, Japan

Email: kanya_kuramoto@kaken.or.jp

Abstract. The characteristic of the colour fastness assessment for multi-colours fabrics were
investigated. Visual assessments were conducted by experts for assessing colour fastness. The
obtained visual results were compared with colour fastness from an instrumental colour
fastness rating as a reference value. In addition, the assessment by the experts were compared
with that of non-experts obtained in a previous study. As the results, the visual ratings of
experts and non-experts were around 1 rating higher than the instrumental ratings. There were
some differences in the assessments between the experts and the non-experts, and also among
the experts. These results indicates that it is difficult to assess the colour changes of multi-
coloured fabrics.

1. Introduction
Colour of textile products is one of the most important qualities for consumers’ purchase motivation.
Change in colour of textile products often tops the list of consumer complaints. Colour fastness is
described as “the resistance of the colour of textiles to the different agents to which these materials
may be exposed during manufacture and their subsequent use" [1]. Usually, colour fastness is
described with respect to “change in colour” and “staining”. Colour fastness particularly “change in
colour” is focused in this study. International Organization for Standardization (ISO) [1-3] and
Japanese Industrial Standards (JIS) [4,5] introduced the evaluation methods for colour fastness,
visually and instrumentally. Instrumental methods are not often used in practice because it is time-
consuming to measure colours with an instrument. In addition, fastness formulas to derive the fastness
ratings from measured colours are not well established and there is hence room for further
consideration [6,7]. Therefore, the fastness evaluation is mostly carried out visually in practice.
Experts assess the fastness as a part of quality assessments. It has not been any problem if a fabric is
simple. For example, a fabric consists of single colour. Experts are also able to assess fastness even a
multi-coloured fabric. However, it is vaguely aware that there could be inconsistency in results of a
colour fastness rating of a complicated patterns’ fabric assessed by experts. There is no study to
indicate the difficulty of the colour-fastness assessment of multi-coloured fabrics. Therefore, in order
to understand the characteristics of visual assessment of multi-coloured fabrics, multi-coloured fabrics
samples were created and the assessments were carried out by experts of assessing colour fastness.
The difference among experts were statistically analysed. Furthermore, the results of experts were
compared with the results of non-experts whose data were collected in our previous study [8].



2. A standard method for fastness assessment
In a standard method of assessing colour fastness, a standard grey scale, as shown in Figure 1, is used
as a reference for fastness rating [1,2,4]. A grey scale consists of nine pairs of grey coloured chips
aligned alongside each other. Each pair has rate which is arranged according to the contrast between
each pair. The range of the rate is 5 to 1 with four additional intermediate half rate: 5, 4-5 (4.5), 4, 3-4
(3.5), 3, 2-3 (2.5), 2, 1-2 (1.5) and 1. Regarding the change in colour, the fastness rating is assigned
according to visual contrast between a tested sample and an original/standard sample. The rating of 5
is given to the test specimen, if there is no difference between them; otherwise rating of the grey scale
which corresponds to the contrast between a tested sample and an original/standard sample is given.
When samples are multi-colored fabrics and several colours are change or faded, a rating of the most
changed/faded colour is given.

Figure 1. Standard grey scales for assessing change in colour [2-4].

3. Experiment
Visual assessments of colour fastness (change in colour) of multi-colored fabrics were conducted.
In the visual assessments, a pair of samples: a standard sample and a test sample, were compared and a
colour fastness was rated. An example of a pair of multi-coloured samples is given Figure 2. Each
sample consists of four hue coloured fabrics which are Red (R), Yellow (Y), Green (G) and Blue (B).
There were three types of sample pairs. One type was that one of four colours in a test sample was
faded. The second type was that two of four colours in a test sample were faded. The third type was
that all the four colours in a test sample were faded. The total number of the sample pairs was 189
including 20 one faded colour, 164 two faded colour and 5 four faded colour pairs. The fastness
ratings of one faded colour sample pairs were either 5, 4.5, 3.5, 3, or 2.5 in each hue. Two faded-
colour sample pairs had two different fastness-rating colours; one colour more faded among two were
4, 3.5, 3, 2.5 or 1, less faded colours were 0.5, 1 and 1.5 rating plus to the more faded colours. Sample
fabrics were cotton (40s, 148 dtex) and their colours were dyed using direct dyestuffs (manufactured
by Nippon Kayaku Co., Ltd.). A colour of the mask of the sample (Figure 2) were back. A plastic
sheet was attached at the back of a sample. Thus, the samples could not be bent. Therefore, subjects
could not assess the samples side by side. This means there are more than 3cm between a standard
sample and a test sample.

All colours of the sample fabrics were instrumentally measured by a spectrophotometer Konica-
Minolta CM-3600, and the colour fastness ratings (ICFR) of the faded colours computed using an ISO
colour fastness formula [3,9]. The one color faded and two color faded sample pairs were also used in
the previous study and assessed by non-experts [8].

Three experts (male) were participated in this study. In the following they are indicated V, W and
X. Similar to the previous study, the samples were visually assessed under a D65 lighting condition. In
the assessments, the most faded colour among the four in a test sample and its colour fastness rating
(VCFR) were assigned for each sample pair.

4. Results
4.1. Comparison between visual and instrumental assessments
The differences (ΔCFR) between the visual ratings (VCFR) and the instrumental ratings (ICFR) were
computed. Figure 3 (upper) shows the ΔCFR histogram of the 3 experts. The minimum value was -1.0,
the maximum value was 2.5, the average value was 0.98, and the standard deviation was 0.56. The



histogram shifted in the direction of positive,
thus the visual ratings were tended to be higher
than the instrumental ratings. In order to
compare with the non-experts’ assessments, the
differences (ΔCFR) between visual ratings of
the non-experts (10 students, 5 male and 5
female) obtained in the previous study and the
instrumental ratings were computed as well.
Figure 3 (lower) shows the ΔCFR histogram of
the non-experts. In Table 1, statistical values of
the experts’ and non-experts’ results were
summarised. The minimum value was -3.5,
the maximum value was 3.5, the average
value was 0.84, and the standard deviation
was 0.76. The histogram shifted in the
direction of positive as well as that of the
experts, and this again indicated that the visual
ratings tended to be higher than the
instrumental ratings.

4.2. Comparison of the assessments among the experts
Figure 5 shows the histogram of ΔCFR of each expert and Table 2 gives the statistical test of ΔCFR
among the assessments of the experts. In Table 2, the values at the right upper side are P values by a t-
test and those at the left lower side are P values by a F-test. The average of ΔCFR of the expert V had
1% significant difference against those of the experts W and X. The visual ratings of the expert V
were around 0.5 rating higher than the instrumental ratings. The visual ratings of the experts W and X
were around 1.0 to 1.5 rating higher than the instrumental ratings. However, there was no difference
on the variance of ΔCFR among the three experts.

Figure 3. The difference between visual and instrumental assessments. Centre line is ΔCFR=0.
(Upper: Expert, Lower: Non-expert)

Figure 2. A sample pair of multi-colour fabrics
used in this experiment (Two colour changes)
(note that the this type of the sample pairs were
also used in our previous study [8]).



Table 1. Statistical values of the assessments by experts and non-experts.

Subject (n) Number
of data Min. Max. Average Standard

Deviation Skewness Kurtosis

Expert (3) 567 -1.0 2.5 0.98 0.560 -0.403 -0.057
Non-expert (10) 4220 -3.5 3.5 0.84 0.764 -0.276 0.252

Figure 4 shows the comparison between the assessments of the experts and the non-experts on the
box plots of ΔCFR. The visual ratings of the experts and the non-experts were averagely around 1
rating higher than the instrumental ratings. The standard deviation of ΔCFR of the experts was around
0.5 rating smaller than that of the non-experts. In addition, the width of ΔCFR of the experts was also
smaller than that of the non-experts, and there were some outliers in ΔCFR of the non-experts.

Figure 4. Comparison of the assessments between experts and non-experts: Box plot of ΔCFR.

Figure 5. The difference of the assessments among the experts V, W and X.



Table 2. Statistical test of ΔCFR among the assessments of the experts V, W and X.

Subject Expert V Expert W Expert X
Expert V 0.000** (t-test) 0.000**(t-test)

Expert W 0.926 (F-test) 0.089 (t-test)

Expert X 0.247 (F-test) 0.211 (F-test)

4.3. Comparison of the assessments on hue
The assessments of the experts were also analysed by the hue selected as the most faded colour. Figure
6 shows the histogram of ΔCFR of each hue and Table 3 gives the statistical test of ΔCFR. In Table 3,
the values at the right upper side are P values by a t-test and those at the left lower side are P values by
a F-test as well as Table 2. There were 5% significant differences on the average of ΔCFR between the
red/yellow and the green, and between the yellow and the blue colours. There was 5% significant
difference on the variance of ΔCFR between the yellow and the blue colours. The visual ratings of the
red and the yellow were around 1.5 rating higher than the instrumental ratings.

Figure 6. The difference of the assessments on hue: Red, yellow, green and blue

Table 3. Statistical test of ΔCFR on the hue

Hue Red Yellow Green Blue
Red 0.93 (t-test) 0.013* (t-test) 0.065 (t-test)

Yellow 0.159 (F-test) 0.011* (t-test) 0.058 (t-test)

Green 0.989 (F-test) 0.126 (F-test) 0.577 (t-test)

Blue 0.609 (F-test) 0.048* (F-test) 0.585 (F-test)



4. Conclusion
In this study, three experts visually assessed colour fastness in terms of the change in colour of multi-
coloured fabrics. The obtained results were statistically analysed and also compared with the results of
the previous study by the non-experts. The results indicated that the visual ratings of the experts and
the non-experts were both around 1 rating higher than the instrumental ratings. This suggests that it is
difficult to assess the colour changes of the multi-coloured fabrics not only for the non-expert but also
for the expert. Although the number of the participants was small in the assessments with the experts,
the standard deviation of ΔCFR of the experts was around 0.5 rating smaller than that of the non-
experts and the width of ΔCFR of the experts was smaller than that of the non-experts. These suggest
that there are more common understanding among the experts than the non-experts. The results also
showed that the experts’ visual ratings of red and yellow were slightly higher than those of green and
blue. There were only four colours were used in study, but it is interesting to conduct the assessments
with various hue of samples in order to carry out the future investigate about the influence of colors on
the colour fastness.
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Abstract. To predict the fabric appearance quality from the yarn structure, a yarn surface-area 

measurement system is proposed. We characterize the fabric appearance quality based on its 

surface area (Coefficient of the variance of the fabric surface area (FSCV)) to evaluate the 

irregularity of the simulated fabrics. The simulated fabrics are processed by YSMS using an 

improved mathematical model in which the yarn with elleptical cross-section is flattened in the 

weaving process. Results confirm our method is viable and could help to quantify fabric 

appearance quality objectively. On the basis of our method, the fabric structure and appearance 

could be optimized and even controlable prepared with appropriate yarn. 

1. Introduction 

Predicting the surface appearance of woven fabrics from the yarn is substantial in achieving a low-cost 

evaluation of fabric quality in the textile industry. Some studies have been carried out in this 

perspective [1-3]. But from a commercial point of view, these presented works still have challenges in 

efficiently characterizing fabric texture. For example, the results of simulated fabric appearance is 

usually far away from real fabric appearance, additionally, in these presented studies, the yarn is 

always considered as a cylinder before weaving and even after weaving which is unrealistic[1, 4-5].  

Some commercial measurements launched by Uster and Lawson-Hemphill simulated fabric from 

yarn irregularity values which were measured by capacitive or optical sensors. Jasper[5] predicted the 

knitted fabric structure from two kinds of yarn data sets: the one was the density of the yarn (measured 

by the capacitor sensors), and the other was yarn diameter (measured by optical sensors). Carvalho[6] 

developed a system for visualizing woven textiles based on image processing techniques, which was 

used for assessing quality of yarns and fabrics. Suh[7] simulated woven and knitted fabrics structure 

and evaluated the fabric quality by employing on-line yarn measurement system based on Constant 

Tension Transport(CTT). Also, Keefe[8] analyzed the basic plain weaves by considering the yarn as a 

closed curve swept along a center line path with an elliptical cross section. To arrive at a more 

accurate appearance, Özdemir and Baser[2,3] simulated fabric appearance based on both still yarn 

image and moving yarn image by considering yarn flattening in the fabrics. 

Most studies treated yarn as a cylinder before weaving, which was rather unsatisfactory based on a 

few findings. Researchers found out that the yarn cross-section tended to concentrate the structure into 

an irregular close-packed polygonal shape can be assumed as an elliptical shape[9-11].In this study, 

we consider yarn with a elliptical cross-section before weaving and improve the model presented by 

Özdemir and Baser, and also predict the fabric image from the yarn image. In addition, we propose the 

coefficient of the variance of the fabric surface area (FSCV) to characterize the irregularity of the 

simulated fabrics. 



 

 

 

 

 

 

2. Flattened yarn mathematical model 

The cross section of the individual yarn and the yarn in fabric is assumed to be an ellipse. The 

perimeter of yarn cross section is presumed to be constant during weaving [12, 13]. 

In the Cartesian coordinate system, the ellipse equation is:  

𝑥 = a ∗ cos(𝑡) , 𝑡 ∈ [0,2𝜋]                                                               (1) 

𝑦 = b ∗ sin(𝑡) , 𝑡 ∈ [0,2𝜋]                                                               (2) 

 

The arc lengths  S𝑒𝑖 and S𝑒𝑖′, shown in Figure 1, are given as:  

S𝑒𝑖 = ∫ √𝑎2sin2(t) + 𝑏2cos2(t)𝑑𝑡
𝜃𝑖

𝜃𝑖−1
  , i=1,2……nf                                                                (3) 

S𝑒𝑖′ = ∫ √𝑎′2sin2(t) + 𝑏′2cos2(t)𝑑𝑡
𝜃𝑖′

𝜃𝑖−1′
  , i=1,2……nf                                                            (4) 

 
Figure 1. Yarn elliptical cross-section (a) yarn before weaving, (b) yarn after weaving 

 

Where, a, b are the major and minor radius of the flattened yarn cross section before weaving; 𝑎′ 

and 𝑏′ are the major and minor radius of the flattened yarn cross section after weaving. The arc lengths 

S𝑒𝑖 and S𝑒𝑖′ are divided by 𝜃𝑖 and 𝜃𝑖′ respectively as shown in Figure 1. xi , xi′ are the projection on the 

x axis, and t is the variable of integration. 

As the arc length S𝑒𝑖 is equal to S𝑒𝑖′ according to the assumption, the coordinate 𝑥𝑖′can be obtained. 

𝑥𝑖′ could be applied for resizing the images of yarn in the predicted fabric, and the yarn image resizing 

process is similar to the work of Özdemir and Baser[2]. 

3. Experiments 

This study adopts yarn flattening principle during the weaving process. It is fundamental to collect 

more comprehensive yarn data sets. The yarn surface-area measurement system (YSMS) was set up to 

collect the images of yarn along two orthogonal directions. And then these yarn images were spliced 

together to generate a virtual fabric.  

3.1. Yarn data collection   

YSMS was designed to acquire the yarn images and calculate the perimeter of yarn cross section, 

which was identical to the yarn surface area per length. Dual Charge-Coupled Device (CCD) sensors 

were assembled along two orthogonal directions, which were demonstrated in Figure 2. And the 

perimeter could be calculated by the following equation; 

L=4√
(𝑑1 

2+  𝑑2 
2 )

8𝑓
∫ √1 − (1 − 𝑓2) sin(𝑡)2 𝑑𝑡

𝜋

2
0

                                       (5) 

Where, 𝑑1 and 𝑑2 represent diameters respectively measured by CCD1 and CCD2, f  is the 

yarn flattening ratio is a constant[11]. 
 



 

 

 

 

 

 

   
 

(a)                                                             (b) 

Figure 2. (a) Schematic diagram of YSMS, (b) the YSMS 

 
Figure 3. Yarn image captured by YSMS  

3.2. Fabric Simulations 

Captured yarn image shown in Figure 3 need to be mapped into actual fabrics to observe fabric 

unevenness. In figure 4 the woven structures are made from the yarn images captured by YSMS. In this 

study, woven fabric images were created as following steps: 

i. Division of the yarn into two parts, one used for weft, another used for warp. 

ii. Two parts of yarn were divided into weft yarns and warp yarns. 

iii. Each weft and warp yarns was divided into weft and warp-units respectively. 

iv. Every weft-unit and warp-unit was assembled to warp interlacing points, or weft interlacing 

points one by one by the method of weave differentiation with mathematical function [14] 

according to the desired weave structure. 

     
(a)                          (b)                          (c)                          (d)                          (e) 

Figure 4. Different weaves with the same yarn. (a)plain ,(b) warp satin warp rib, 

(c) basket weave, (d) right-hand twill, (e) satin 

 

The sequence of laid yarn images is vital when woven fabrics are mapped by the units. Because the 

sequence affects fabric unevenness and FSCV. The warp yarns and weft yarns are laid according to the 

sequence in Figure 5. 
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Figure 5. Sequence of yarn images were laid 

 
Figure 6. Simulated fabric:(a)without proposed model, (b) with proposed model,(c) partial enlarged 

drawing of (a),(d) partial enlarged drawing of (b) 

 

We achieved simulated fabric by adopting Fabric Simulating Software. The software was designed 

for visualizing the appearance of the desired fabrics, which was developed in C++ programming 

language and Visual Studio 2008 environment. 



 

 

 

 

 

 

The obtained fabrics in Figure 6(a),(b) (4000 Pixels×4000Pixels) were composed of 100 weft yarns 

and 100 warp yarns (fabric width was W and length is L).In this paper, W,L could be approximated 

with the number of yarns when fabric cover factor is constant. Figure 6 (b) is the yarn in the fabric 

which is resized by the proposed yarn flattening mathematical model (equation (3),(4)). Figure 6 (d) is 

partial enlarged image of (b). In this picture, Some small holes are caused by yarn thin places, and 

some periodic fabric irregularities are resulted by yarn unevenness. This fabric unevenness may affect 

fabric appearance, strength, air and water penetration, absorption, reflectivity, dyeability, and fabric 

finishing. 

4. Fabric unevenness characterization  

To characterize the simulated fabric unevenness, the following method is used to characterize fabric 

unevenness with yarn surface-area (cross-section perimeter per length). The proposed method in 

equation (6) is similar to the variance-length found in spun yarns[16], which is based on the 

assumption that yarn surface area remained constant during the weaving process even though the yarn 

is flattened. The method was different from the previous work[1, 15] which characterized fabric 

unevenness by yarn mass or single direction diameter. 

Similar to work carried by Günay, the simulated fabric (W×L )is partitioned into several pieces 

with the same area(m×n, m is width,n is length of each pieces, could be approximated by the number 

of yarns in each segments) which is represented Ai (i = 1...k,k= W/m). The Fabric Yarn-Surface CV(Ai) 

(FSCV(Ai)) is the coefficient of variation for varying unit yarn-surface-area versus the magnitudes of 

the unit yarn-surface-areas, equation (6).  

FSCV(Ai)=
100

�̅�(𝐴𝑖)
√

1

𝑤𝑖𝑙𝑖−1
∑ ∑ [𝑃𝑟,𝑐(𝐴𝑖) − [�̅�(𝐴𝑖)]

𝑙𝑖
𝑐=1

𝑤𝑖
𝑟=1

2
                            (6)  

FSCV(Ai) is yarn surface-area variance, wi , li are the number of segments in length and width 

direction(wi =L/n , li= W/m).  �̅�(𝐴𝑖) is the mean value of the the sum of weft and warp yarn surface 

area for all unit. Pr,c(Ai) is the ith value of the sum of weft and warp yarn surface area for the unit area 

A, of at row r and column c. For obtaining Pr,c(Ai) , we collected all the surface area of weft-units and 

warp-units yarns which were identical to the perimeters of yarn cross-section per length. And the latter 

was calculated by YSMS.  

Pr,c(Ai)= Pr,c,p+ Pr,c,t=∑ ∑ 𝐿𝑖𝑗
𝑞𝑝

𝑖=1

𝑝𝑝

𝑗=1
+ ∑ ∑ 𝐿𝑖𝑗

𝑞𝑡
𝑖=1

𝑝𝑡
𝑗=1                                     (7) 

Where, Pr,c,p is the sum of warp units yarn perimeters in unit area A at row r and column c, Pr,c,t  is 

the sum of weft-units yarn perimeters in unit area A at row r and column c. 𝑝𝑝  is the number of warp-

units, 𝑝𝑡 is the number of weft-units, 𝑞𝑝,is the number of warp yarn test point, 𝑞𝑡 is the number of weft 

yarn test points determined by software. 𝐿𝑖𝑗 is the perimeter test by FSMS. 

5. Results  

According to the mathematical model mentioned above, the influences of segment length and fabric 

size on the FSCV are studied. The results are exhibited in Figure 7. And other results calculated from 

Han’s method[17] are also demonstrated for comparation.  

 (a)     (b)  

Figure 7. The influence of FSCV and CB(A)curves: (a) m, (b) width of simulated plain fabrics 

 



 

 

 

 

 

 

In Figure 7(a), m = n=[1,5,10,20,25,50] when i=[100,20,10,5,4,2]. The FSCV curve displayed in 

Figure7(a) appears a violent decline and a following relative smooth drop. Because the increase of 

yarn number in the each separated area leads to the enlarge of the area and the subsequent attenuation 

of the difference of FSCV. In Figure 7(b), the analysed FSCV of the five simulated fabrics consist of 

the same yarn images. The fabrics with different width (different in number of warp yarns): 

100×100(No.1), 50×200(No.2), 25×400(No.3), 20×500(No.4), 10×1000 (No.5). are applied for 

studying the influence of fabric size on FSCV when m=n=10. The FSCV curve exhibited in Figure 7(b) 

displays a downward trend when the width of the fabric swell. This is attributed by comprehensive 

performance of yarn unevenness, yarn flattening and fabric structure. In Figure 7(a) and (b), the CB(A) 

curve is similar to the FSCV, which comfirms that our method is viable. 

 

6. Conclusions 

A novel woven fabric appearance prediction method is developed in this paper. A mathematical model 

is improved to resize the yarn images to fabric appearances, according to a ellipse cross-section of 

yarn assumption. A more precise evaluation coefficient called FSCV is developed to represent fabric 

unevenness on the basis yarn uneveness. And the influence of fabric size and segment length on the 

FSCV is analysed. The proposed method is available for predicting the fabric structure and appearance, 

which also provides an insight into optimization and even controlable preparation of fabric with 

appropriate yarn. 
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Abstract. Objective of this study is to evaluate testing methods of pressure distribution of bra 

cups on breasts soft tissue, the system which do not affect the space between the wearer's body 

surface and bra cups and thus do not influence the geometry of the measured body surface and 

thus investigate the functional performance of brassieres. Two measuring systems were used 

for the pressure comfort evaluating: 1) The pressure distribution of a wearing bra during 20 

minutes on women's breasts has been directly measured using pressure sensor, a dielectricum 

which is elastic polyurethane foam bra cups. Twelve points were measured in bra cups. 2) 

Simultaneously the change of temperature in the same points bra was tested with the help of 

noncontact system the thermal imager. The results indicate that both of those systems can 

identify different pressure distribution at different points. The same size of bra designing 

features bra cups made from the same material and which is define by the help of same 

standardised body dimensions (bust and underbust) can cause different value of a compression 

on different shape of a woman´s breast soft tissue.  

 

1. Introduction 

Most brassieres are designed to beautify the figure of a woman by compression on human soft tissue 

to the required shapes of breasts. The evaluation of clothing pressure using direct or indirect methods 

is important to investigate the functional performance of brassieres. In direct sensing methods, the 

clothing pressure is measured directly using sensors or gauges while the clothing pressure is derived 

from measurements of independent variables [1]. Indirect methods are favoured in some 

circumstances as they are suitable for measuring the pressure ranges normally exerted by garments 

during wear. Factors like the changes in human body temperature depending on the uneven 

distribution of pressure on the sensing region can be measured as well as. The characteristics of bra 

include its cup shape being skin-tight with the breasts, its pattern making and production techniques as 

complicated, and usage of many materials. All of these characteristics bring on many problems of 

wearing bras and its research value is the highest in daily clothes [2]. As a new way of measuring can 

introduce method of measuring clamping effects of clothes on the surface of human body at points of 

mutual contact [3].We must also consider fit of bra, therefore we should also deal with matching of 

appropriate body measurements as input pattern construction parameters for a particular size of bra as 

well as being interested in the results of anthropometric survey of target female population [4, 5].  



Range of bra cup pressure we can also evaluate and visualize of bra models using 3D computer 

programme to show in the current display of the pressure, strain, compression, tension and the 

elongation related to the selected material of bra [6]. Thermography can be a very useful technique in 

different applications of textile research as indicated in review of literature by Banerjee et.al. Many 

researchers in the field of application in comfort of clothing have investigated thermal comfort and 

change in temperature due to interaction of human body with clothing. Ishikura studied the effect of 

skin-reflex of clothing pressure upon skin temperature by using a thermography. In this study, the 

physiological effects of the compression of the lower-limbs upon the changes in skin temperature were 

investigated on subjects wearing different kinds of elastic support knitwear and the skin temperature 

was measured using thermography [7]. The skin temperatures measured by infrared thermography are 

used for various studies. Values of mean skin temperature were computed by 18 different techniques 

were compared with the mean of skin temperatures measured by infrared thermography. In 

conclusion, this study indicates that an accurate estimation of mean skin temperatures in a resting nude 

subject is dependent on the location and number of skin temperature measurements [8]. The 

temperature (ie, radiation) measured by the infrared camera does not solely depend on the temperature 

of the skin surface but is also a function of the radiation emissivity of the skin, which is ≈ 0.98 for 

human skin. 

 

2. Subjects and bra type  

Commercial bra of the size 75E of the examined effective design features has been tested on two 

females with different shape of a human soft tissue. Two measured subjects were healthy women of 

the same value of bust and underbust body dimension, but with a different shape type of breasts. 

Subject 1 aged 55 years of moderate sagging shape of breast. Subject 2 aged of 23 years of normal 

shape of breasts. The commercial bra of one brand was used that the size of it is defined with the help 

of standardised body dimensions: Bust = 96cm, Underbust = 75cm. The style of bra and points of test 

are shown in Figure 1. 

 

 

 

 

 

a) b) 

Figure 1. a) Contact points on human body; b) Corresponding positions of the sensors. 

 

3. Experimental methods 

The pressure distribution of a wearing bra during 20 minutes on women's breasts has been directly 

measured using pressure sensor. Twelve points were measured in bra cups, see Figure 1. Two methods 

and systems are used. The first is direct sensing method using capacity sensor and its dielectric 

material is the elastic polyurethane foam of bra cups. The second is indirect sensing method using the 

thermography system FLIR SC6540. Was measured the difference between the temperature before 

and after 20 minutes wearing bra. Both of those systems do not affect the space between the wearer's 

soft tissue and bra cups. Thus geometry of a soft tissue during measurement is not changed. 
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3.1. Principle of measurement pressure 

Twelve capacity sensors for compression measuring were used. For the first time it was used method 

of measuring clamping effects of clothes on the surface of human body at points of mutual contact [3]. 

3.2. Measurement by using a thermography 

The measurement was carried out in an air-conditioned room under constant conditions at a relative 

humidity of 65 % and the temperature of 21 °C. The experiment took place in a measurement cabin 

with dimensions of 130  100  155 cm. This cabin was chosen because there was a requirement to 

perform the measurement in a dark chamber, in order to eliminate external environment influences and 

to ensure stable conditions. Change of temperature on the body was tested with the help of noncontact 

system the thermal imager. On the skin were glued labels for accurate reading of temperature. The 

location of labels corresponds to position of the sensors on the bra. The position of labels is shown in 

Figure 2, 3. Measured object was wearing bra for 20 minutes and then was relaxing. The aim was to 

determine whether the applied pressure increases regional surface temperatures of the breast.  

 

  

Figure 2. The position of labels on body of 

women 1 (Subject 1). 

Figure 3. The position of labels on body of 

women 2 (Subject 2). 

 

4. Results and discussion 

The aim was to determine whether a pressure distribution of bra cups on breasts soft tissue increases 

temperatures of the breast surface in specific points during 20 minutes wearing the bra. In the Table 1 

there are the results which represent an average value of 12 measurements at 12 points on the surface 

of the breast.  

 

Table 1. Pressure and temperature changing. Temperature (Temper.) means the difference between 

the temperature before and after 20 minutes wearing bra. 
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Pressure 

(kPa) 

R0 0.3 0.7 0.8 1.6 L0 -0.1 0.7 0.7 1.5 

R1 0.7 0.3 0.7 0.4 L1 0.8 0.3 0.5 0.3 

R2 0.4 0.5 0.8 1.4 L2 -0.1 0.5 0.7 1.4 

R3 0.4 0.3 0.9 0.2 L3 0.6 0.6 0.7 0.3 

R4 0.4 0.3 0.4 1.4 L4 0.5 0.3 0.3 1.2 

R5 0.9 0.5 0.7 0.9 L5 0.7 0.4 0.9 0.9 



Figure 4, 5 shows a graphical representation of the measurement results. The points are arranged in the 

graph symmetrically (right versus left side of breast).  

The value of the detected pressure and temperature indicate a asymmetry in the right and the left 

side of breast shape of the Subject 1 – moderate sagging shape of breasts, see Figure 4,5. Distribution 

of pressure is symmetrical on the right versus left side of breast of the Subject 2 – normal shape of 

breasts. We can see a visible difference between the normal and moderate sagging shape of breasts 

although there are of the same size.  

The identified pressure range is from 0.2 kPa to 1.6 kPa. In the same point the recorded pressure 

of Subject 1 was 0.7 kPa and 1.6 kPa in case of Subject 2, see Figure 4.  

There are recorded a different temperature changes around the measured points in the bottom 

part of breast and in the upper part bust points, see Figure 5. Subject 2 (normal shape of breast) shows 

greater change in temperature in the points in the bottom part than in the upper part bust points. The 

distribution is almost symmetrical. Temperature results of Subject 1 are disorderly. The difference 

between the temperature before and after 20 minutes wearing bra was varied from -0.2 
0
C to 0.9 

0
C. 

Measurement was done in a room with low temperature, it is recommended to raise the temperature, 

thereby ensuring better comfort during measurement. 
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Figure 4. The pressure (kPa) - right (R) and left 

(L) side of breast - symmetrical view of points. 

Figure 5. The difference of temperature (
0
C) - 

right (R) and left (L) side of breast - symmetrical 

view of points. 

 

5. Conclusion  

The first, the direct sensing method is more objective than the second one. The value of the pressure 

distribution of bra cups on breasts soft tissue depends on a shape type of breast.  

The results indicate that both of those systems can identify different pressure distribution at 

different points. The same size of bra designing features bra cups made from the same material and 

which is define by the help of same standardised body dimensions (bust and underbust) can cause 

different value of a compression on different shape of a woman´s breast soft tissue.  

Correlation between the applied pressure and temperature change was to find out as well as for 

Subject 2. These results relate to the fullness of the breast, the same shape of the right and left breast 

and normal breast shape. 

Infrared camera is good as non-contact tool in this experiment but environmental temperature 

can be critical in the formation of the skin temperature. We have to try to create a neutral environment. 

It means we must to procure optimal conditions which do not stimulate the self-regulating mechanisms 



of human organism. Neutral environment for the nude human body (in the rest position) is 30 °C and 

the air flow is less than 1ms
-1

.  

Next research activities can be aimed to use those methods for evaluation a pressure distribution 

on the other parts on human body where we can propose bigger value of the compression. 
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Abstract. We report on a measurement system to determine highly reliable and accurate
friction properties of textiles as needed for example as input to garment simulation software.
Our investigations led to a set-up that allows to characterize not just textile to textile but also
textile to in-vivo human skin tribological properties and thus to fundamental knowledge about
genuine wearer interaction in garments. The method of test conveyed in this paper is measuring
concurrently and in a highly time resolved manner the normal force as well as the resulting
shear force caused by a friction subject intending to slide out of the static friction regime and
into the dynamic regime on a test bench. Deeper analysis of various influences is enabled by
extending the simple model following Coulomb’s law for rigid body friction to include further
essential parameters such as contact force, predominance in the yarn’s orientation and also skin
hydration. This easy-to-use system enables to measure reliably and reproducibly both static and
dynamic friction for a variety of friction partners including human skin with all its variability
there might be.

1. Introduction

The single most productivity enhancing tool for rapid prototyping in the textile industry are
high level garment simulations for overall wear comfort evaluation. These simulations heavily
rely on dependable textile parameters and result in advantages that can be named as:

• faster progress from idea to final product,

• greater flexibility through digital prototyping as well as instantaneous feedback,

• fitting of multiple sizes and also fitting in motion (Fig. 1)

• and sampling of multiple fabric materials.

The accuracy of virtual garment simulations is largely dependent on the exact knowledge of
the textile’s stress-strain profile (tensile & shear), bending stiffness, coefficient of friction and
specimen surface weight [1]. A universal measuring unit was developed [3] which has the ability
to quantify accurately all mentioned parameters (Fig. 2).

This contribution concentrates only on the single parameter coefficient of friction but as such
is covered in great detail. These tribological parameter(s) of textiles from our experience and
underpinned by practical experiments turned out to be the most demanding mechanical prop-
erty. The difference between static and dynamic friction is crucial in the slipping of objects. In
clothing for example, it is more comfortable to have an equal value for the static and dynamic



Figure 1. Numerical fitting data [2]. Figure 2. Universal measuring unit [3].

coefficient of friction [4]. The larger the difference between those values, the more the clothes
tend to stick to the body, which is often perceived as uncomfortable.

In a first attempt the friction properties had been examined using the friction unit of the
universal loading machine, which observes a mass while sliding down a progessively inclined
plane. The corresponding angle α of the tilted surface is used to calculate the related static
coefficient of friction µ = tanα. This assumption is justified as long as Coulomb’s law [5]

FR = µ · FN (1)

can be assumed valid for the tested materials. FN is the effective normal force caused by the
deadweight (a sledge sliding down the slope) and FR is the corresponding friction force that
occurs between the two friction partners. The experiment on the loading machine was repeated
several times and led to noteworthy deviations in the results prompting us to further investigate
its theoretical reasons. One of the main reasons seemed to be the large resilience of the textile
under the shear load. This impact results in a bulging action on the leading (downward facing)
edge increasing as the tilt angle is gradually raised resulting in wrinkles of considerable size (see
Fig. 3). The resulting force FR is then a combination out of shear and normal forces acting on
the wrinkle. Also the texturized surfaces of two identical textiles as friction partners seem to
act together as a kind of mechanical interlock, reminiscent of a velcro tape, which emphasizes
the assumption, that influences other than adhesion are distorting the experiment. Additionally
wrinkles are promoting stick-slip behaviour, which again leads to even more wrinkles.

To broadly avoid those unwanted deformations that ultimately could intermingle shear, nor-
mal forces and bending, the textile’s bottom layer can be stuck on a single-sided adhesive foil.
This has been done for all results presented further. Doing so keeps elongation, wrinkle forma-
tion and stick-slip phenomena at a minimum level. Twelve repetitions of a single experiment
have been performed using this assembly in order to characterize textile 1 (see Table 1). The
variability of µspec1 was still varying between 0.8 and 1.0.

These deviations from the mean of the results give reason to believe that Coulomb’s law
might not be valid for a highly elastic material like textile. Or at least that the initially assumed
linear model (Eq. 1) has to be extended to also consider the influence of further parameters,
e.g. (area specific) contact force p and relative velocity v

FR = µ (p, v) · FN . (2)



wrinkles

friction partner 1

clamp
sledge with friction partner 2

Figure 3. Friction subassembly of the universal loading machine [3].

The experimental setup with the inclined-plane friction meter is therefore obviously
unsuitable since the local pressure distribution can’t be assumed constant for changing tilt
angles. This led us to devise a new arrangement presented here allowing the friction test to be
performed at level angle.

2. Optimized arrangement of the friction unit

The optimized set up of the friction unit is shown in Fig. 4. It mainly consists of two orthogo-
nally mounted load cells (products of HBM GmbH) and a specimen receptacle to fix to friction
partner 1. The horizontally oriented load cell (measuring range 50 N) measures the resulting
friction force FR and the vertically oriented one (measuring range 100 N) the normal force FN

applied to by friction partner 2. From the highly time resolved ratio of FR(t) to FN (t), the
friction coefficient µ(t) can be calculated.

The value of this ratio clearly is only representative for the friction coefficient if the two
related forces are measured at the same instant in time t. Therefore they are measured simul-
taneously by two separate 24 bit analog to digital converters with associated analog front ends
(Analog Devices’ AD7194). Their master clocks are synchronized via SPI communication after
powering up the friction unit’s electronic. The sampling rate is 500 Hz and the result consists of
measurands stable to approximately 21 bits (according to the data sheet). This fast sampling
in combination with the accurate electronics enables a high quality analysis of friction properties.

The working principle of this set up makes it also possible to determine the breakaway force
(needed to determine static friction’s µS) as well as the acting friction force after the breakaway
(needed to determine dynamic friction’s µD) in a single experiment. It is easy to handle and
delivers results very fast and accurately, because the only necessary operation is to pull friction
partner 2 over the held fixed friction partner 1. All kinds of influences (relative velocity, contact
force, direction of movement, skin hydration, etc.) can be varied by the user.

The most outstanding feature of this friction unit, however, is the possibility to use arbitrary
materials for friction partner 2. This mighty tool for textile development allows to quantify
the wearing comfort of garments by not only assessing the textile to textile friction but to an
even greater extend, the friction between skin and e.g. the inner layer of any garment. To
demonstrate the versatility of the system the experimental results presented in this paper are
divided in the two main groups textile to textile friction and textile to skin friction.



vertical load cell

horizontal load cell

sledge

test bench

friction partner 1

Figure 4. Set-up of the optimized friction unit. Figure 5. Zoomed view.

3. Experiments and results

A comprehensive variation of textiles, a subset of which is presented in Table 1, has been tested
(various material compositions of cotton, elastane, polyamide, polyester, virgin wool; smooth
and bulky surfaces; striking and poor texturization; ones with predominant direction and ones
without) to figure out the crucial parameters determining the friction behaviour. Note: A moving
average filter of appropriate bandwidth has been used to largely suppress recorded oscillations
stemming mostly from the dynamic properties of the mechanical setup and not so much from
the friction partners.

Table 1. Description of the materials under test

Nr. Surface density Composition Surface condition

1 165 g m−2 55 % polyester, 45 % virgin wool bulky, strong texturization
2 120 g m−2 100 % polyester smooth, poor texturization
3 165 g m−2 100 % polyester bulky fleece, no texturization
4 200 g m−2 93 % polyester, 7 % elastane smooth, usual texturization

3.1. Analysis of the textile to textile friction

This loading case is especially important in garments for sports with periodic repeated
movements, e.g. in running, when the two pant legs rub against each other. Mainly the outer
layers of the garments are affected in this process. The following properties were expected to
seriously influence the friction coefficient in this experiment.

• orientation of yarns (warp vs. weft)

• texturizing of garments surface

• relative velocity between friction partners

• contact force between friction partners

• possible predominant direction of textile
fibres

3.2. Results of textile to textile test case

A first conclusion is that rarely a noteworthy difference between static and dynamic friction
can be observed. In most cases they are almost equal to each other as long as the essential ex-
perimental parameters (magnitude and orientation of acting contact force) stay constant. Only



bulky materials, such as textile 3, exhibit an exception. They tend to have a significant peak
after the breakaway of friction partner 2, which can be seen in Figure 6. For all following dia-
grams the green graph stands for the friction coefficient, the blue one for the measured normal
force and the red one for the measured friction force. Diagram 6 shows the highly time resolved
study of a predominance in the textile’s direction. Just the high resolution in time enables the
detection of breakaway peaks, which define the static friction coefficient µS .

In this experiment friction partner 2 slides against friction partner 1 two times back and
forth in warp direction while FN remains almost constant (note: FR and thus µ changed sign
on the backward stroke. This sign was kept for clarity of presentation.). While the peaks of
the forward direction reach just about µS ≈ 1.25 the ones of the backward direction go up to
µS ≈ 1.5. As already mentioned, this bulky material shows variations of the static and dynamic
friction. In the forth direction the dynamic friction µD reaches a value slightly lower than 1.0
and in backward direction slightly higher than 1.0. These results clearly exhibit the presence of
a predominant direction for this bulky material.
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Figure 6. Influence of predominant direction.
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Figure 7. Dependency on contact force.

Textiles with a significant texturization of the surface (see magnified image of the yarns of
textile 1 in Fig. 5), show a strong impact on the orientation of the yarns. This empirical ob-
servation confirms once more the assumption of the mechanical interlocking. Thus especially
knitted and woven materials have to be characterized separately in warp and weft direction.

Contrary to expectations there is hardly seen any influence on the relative velocity between
the friction partners. It is negligible and not necessary to be analysed in a Stribeck-curve.

The most important influence comes with the contact force which is equal to the normal force
FN . It has comparably small consequences (≈ 10 % of µ) for materials with smooth surface
conditions, such as textile 2. But especially for bulky materials (e.g. textile 1 and 3), it is crucial
as Figure 7 emphasizes. Variations of FN lead to variations of the friction coefficient. While low
forces lead to high friction (µmax ≈ 0.9), do high forces lead to low friction (µmin ≈ 0.5).

3.3. Analysis of the textile to skin friction

This loading case is important for each garment’s inner layer that directly gets in contact to
the user’s skin. All dependencies of the textile to textile case have to be considered here as



well. Additionally the factors skin hydration as well as body region were expected to seriously
influence the friction coefficient in these experiments. These attributes have been examined in
[4] as well, where the goal was a generalized examination of human skin friction. The conclusion
of [4] resulted in the opinion, that the friction behaviour of in-vivo human skin is too complex to
be replaced by any representative material in the research of textile to skin friction. Nonetheless
it should be mentioned, that the synthetic skin substitute HUMSkin [6] achieves great results
in the field of cosmetic development and should be considered for future friction tests.

3.4. Results of textile to skin test case

The main dependencies in these experiments turned out again to be the contact force and ad-
ditionally the skin hydration. The consequences are also limited for smooth surfaces but turned
out to be significant for bulky ones. Using textile 2, Figure 8 shows the friction coefficient
remains largely constant even if the variation of the normal force is significant.

The skin hydration and body region also have a major influence on the friction between the
garment and the user’s skin. Figure 9 shows the variation of the friction coefficient dependent
on the skin hydration. The red curve µ1 was recorded with 27 % (upper arm), the blue one
µ2 with 45 % (palm of the hand) and the green one µ3 with 99 % skin hydration (palm of the
hand). The skin hydration level was measured with the device Ckeyin SK-IV which uses the
so-called bioelectric impedance analysis.
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Figure 8. No dependency on contact force.
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Abstract. The aim of this paper is to propose the bioindicative measuring method for screening 
and assessing the safety of textile and leather materials in relation to chemical threats. This 
method is based on toxicological assay in which Tetrahymena pyriformis, unicellular organism 
belonging to protozoans, is used as a test organism. For the realization of the research goal the 
sensitivity threshold of test organisms to chromium(VI) solutions was identified. The changes 
in cell development of test organisms in chromium solutions were registered by colorimetric 
measurements in the presence of alamarBlue® cell viability reagent. Empirical data enabled to 
fit logistic curves on the base of which the level of chromium toxicity was estimated. In the 
second step, harmfulness of aqueous extracts obtained from textile and leather samples 
containing chromium in relation to test organisms was evaluated. The performed research 
confirmed the high efficiency of the proposed method in screening and assessing chromium 
content in clothes and shoes materials and showed possibilities of using it in safety assessment 
of products with regard to chemical risks. 

1.  Introduction 
Clothes and shoes materials, having a direct contact with a human body, may irritate a skin or cause 
other health problems, due to the presence of harmful substances. The level of a hazardous impact 
depends on the type and amount of chemical substances contained within textiles as well as their 
susceptibility to release from a product during its usage. Due to known toxicity of some chemicals, 
used in textile and leather industries, their use is limited or banned by law or other regulations. One of 
such substance is chromium(VI) that could be a compound of chemicals (potassium dichromate, 
potassium chromate, sodium dichromate, and sodium chromate) used in leather tanning or textile 
finishing processes. In accordance with ecological criteria (EU Ecolabel and Oekotex) this element 
should be no present in the final product. Chromium(VI) substances are classified as carcinogenic (cat. 
1b), mutagenic (cat. 1b) and skin sensitizing (cat. 1) [1]. Dermal exposure to chromium compounds 
can cause contact allergic dermatitis in sensitive individuals. It could be very caustic and can cause 
burns that can facilitate the absorption of the compound and lead to systemic toxicity. Longer-term 
occupational exposure to them is especially dangerous [2]. It should be underlined however that 
hazardous effect of chromium compounds on humans is rather known in relation to pure chemicals. 
There is a lack of sufficient evidences on a causal link between allergic or other undesirable reactions 
and textile and leather products, which contain chromium(VI) or its chemical mixtures. This issue still 
needs further investigations.  

To assess safety of textiles in relation to chemical risks many laboratory test, which enable to 
detect different harmful substances have to be performed. These methods are time-consumptive and 



 
 
 
 
 
 

expensive, moreover they do not inform about harmful effect of measured substance on a man. Such 
information could be given from bioassays that are common toxicological tests applied in the broad 
range of fields. What’s more, they are powerful tool to estimate a chemical content in various media 
[3, 4] and well known in dermatology and hygiene [5, 6]. It seems to be highly reasonable to ascertain 
a usefulness of a bioassay in assessing threats posed by textile and leather materials that contain 
harmful chemicals, which is the main aim of described studies. For the realization of the research goal 
the sensitivity threshold of test organisms to chromium(VI) solutions was identified. In the second 
step, harmfulness of aqueous extracts obtained from textile and leather samples containing known 
amount of chromium, in relation to test organisms, was evaluated. 

2.  Materials and methods 

2.1.  Tetrahynena pyriformis as a test organism 
Tetrahymena pyriformis, an unicellular organism was chosen as a bioindicator based on facts that it 
meets most requirements for test organisms and is one of bioindicators commonly used in laboratory 
tests. T. pyriformis shows similar sensitivity as human cells culture and allows tendentious statements 
about the toxicity of substances with regard to human organism [7]. It is an organism with cell 
membrane of quite different structure than those of bacteria, yeasts or algae that form a barrier to toxic 
compounds. In the case of Tetrahymena sp. the interior of the cell is separated from its environment 
with a thin cell membrane only, thus causing that ciliates are very sensitive even to the trace presence 
of toxic compounds in its environment. In addition, in the terms of vital functions, cellular structures 
and also gene functionality, Tetrahymena cells are more close to human cells that other model 
microorganisms [8, 9].  

For toxicometric purposes the strain Tetrahymena pyriformis (Ehrenberg) Wolff 1947 of reference 
number CCAP 1630/1W coming from the Culture Collection of Algae and Protozoa, Ambleside UK 
was used. The culture was incubated for 48 hours and being in ”log” phase, i.e. at intensive growth 
stage, was used. 

2.2.  Solutions and extracts preparation 
To assess the toxicity of the textile and leather materials, test organisms were initially cultured in 
potassium dichromate within the range of 1 to 100 mg/L solutions, recomputed into pure chromium 
and then in water extracts of two materials with the content of 1.9 mg/kg of Cr6+ in sample No. 1 and 
757 mg/kg of Cr6+ in sample No. 2. Due to extremely high content of chromium(VI) in extract of the 
sample No. 2, extract was diluted with water to 75 %, 50 % and 25 % of its original concentration. 
This enabled conducting more detailed observations. The use of water as the extraction agent was to 
simulate the contact of wet materials with the human skin. When using clothes or other textile 
products it does happen that textile is wetted more or less occasionally. The second reason was 
associated with the fact that natural water contain a low concentration of reducing materials, so 
chromium(VI) compounds are more stable, while in the presence of oxidizable organic matter 
chromium(VI) compounds may be reduced to chromium(III) [1].  

The pure metal ions solutions and material extracts were placed in 1.5 mL microcuvettes, and then 
test microorganisms suspended in agar were added, thus obtaining a cell density of approx. 5 000 
cells/mL. The samples prepared were incubated at 28 °C for 6 and 24 hours and the optical density of 
cell culture in solutions was directly measured. To observe the changes in proliferation of test cells the 
alamarBlue® cell viability reagent was used, as well and the response of test organism to chromium 
solution and water extracts of the samples was registered by colorimetric measurements of absorbance 
at 570 nm, using 600 nm as the reference wavelength.  

2.3.  Estimation of the toxicity level based on the regration of logistic function 
To assess the toxicity level for chromium(VI), expressed by the half inhibitory concentration (IC50) in 
relation to Tetrahymena pyriformis, the data obtained with colorimetric measurements were 



 
 
 
 
 
 

transformed to a form enabling the percentage absorbance increase suppression coefficient in relation 
to the control group to be determined for solutions of the substance under investigation [10]. To 
compute values of this coefficient the logistic curves (1) were fitted:  

    (1) 
 

where: 
c – test substance concentration, 
b – regression coefficient (informs about the rate at which the transition from zero to total suppression 
(100 %) of bioindicator growth occurs. The lower this parameter, the faster transition), 
IC50 – quantitative measure that indicates the concentration of a substance that is needed to inhibit a 
cell growth by half, in comparison to the control group.  
 

Taking up the values of Tetrahymena pyriformis culture growth inhibition in the extracts, the 
chromium ion concentration (c), estimated on the base of transformed logistic function (1), an attempt 
of computing the chromium(VI) content within textile and leather samples (C) was made (2): 
 

    (2) 
where:  
V -  extract capacity, ml, 
m -  sample mass, g, 
c -  approximated concentration of a substance in extract (mg/L), computed on the base of 
inhibition rate of bioindicator growth, resulted from approximation of logistic function (3): 
 

𝑐 = 𝐼𝐶50 !!! !
! !

!
!   (3) 

 
The statistical environment R was used for data analysis.  

3.  Results and discussion 
 
3.1. Evaluation of sensitivity threshold of bioindicator to chromium(VI) solutions 
At the first step of the experiment, the sensitivity threshold of Tetrahymena pyriformis to 
chromium(VI) solutions was established. The results of alamarBlue® colour changes in solutions of 
test organisms incubated in potassium dichromate for 6 and 24 hours, are illustrated in figure 1. 
 

a/      b/ 

   
   control   1        5      15      25     50     75    100   blank             control    1      5       15      25     50    75    blank 

Figure 1. Color changes of alamarBlue® in solutions of Tetrahymena pyriformis cultures incubated in 
chromium solutions at concentrations 1 – 100 mg/L: a/ after 6 hours of incubation, b/ after 24 hours of 

incubation. 
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The red color characteristic of the group control and potassium dichromate concentrations indicates 
large amount and high vitality of test cells that completely reduced alamarBlue® cell viability reagent. 
For the solution at higher concentration (depending on incubation time) the color violet can be 
observed, thus leading to the conclusion that the solution contains live cells much less numerous and 
of considerably lower vitality that those of the control. In solutions at concentrations 50 mg/L (after 6 
hours of incubation) or 15 mg/L (after 24 hours of incubation) the color blue predominates. This color 
is characteristic for non-reduced form of alamarBlue® and indicates lack of live cells or loss of its 
metabolic abilities. Color changes visible to the naked eye are accompanied by proliferation changes 
of T. pyriformis (table 1) evaluated on the base of colorimetric measurements. 

Table 1. Effect of chromium concentration in solutions on the proliferation of Tetrahymena pyriformis 
computed from colorimetric measurements in the presence of alamarBlue® cell viability reagent. 

Incubation 
time in 

alamarBlue® 

Percent of alamarBlue® reduction in potassium dichromate solutions 
Concentration of Cr6+, mg/L 

Control 
group 1 5 15 25 50 75 

6 h 100 88.5 87.0 68.5 66.0 51.7 34.9 

24 h 100 98.6 65.5 39.8 37.6 30.0 15.7 
 

The values of vitality index evaluated as percentage difference between treated and untreated cells 
presented in Table 1 indicate that chromium concentration of 1 mg/L seems to be safe for T. 
pyriformis, when 5 mg/L inhibits the proliferation of cells to the level 65.5 % of the group control in 
case of long-term impact of chromium on bioindicator. Significant negative influence on cells 
proliferation shows solution of 15 mg/L concentration. At this concentration the proliferation rate 
reached only 39.8 % of the group control (24 hours incubation). The colorimetric measurements for 
higher chromium concentration in solutions, above 50 mg/L, displayed very low absorbance values 
resulted in low values of vitality indexes at the level: 30 – 51 % of the group control. These findings 
may testify not only about inhibition of cells' proliferation but about high cells' mortality, as well. 

The basic characteristics of approximated functions are listed in table 2. 

Table 2. Logistic parameters for potassium dichromate. 

Parameters of logistic function 

Incubation 
time, h b p IC50 p 95% confidence level 

for IC50 R2 

obtained on the base of optical density measurement 

6 -2.056    <0.01 24.042    <0.01 20.827 27.258 0.99 
24 -0.931    <0.01 5.754    <0.01 4.696   6.812 0.96 

obtained on the base of colorimetric measurements (m2) 

6 -0.963     <0.01 33.841     <0.01 22.683 44.998 0.91 
24 -0.860     <0.01 12.414     <0.01 6.218 18.611 0.96 

 
The inhibition of cell proliferation at 50 % of the control group (IC50) was recorded in the 

concentration range from 20.8 to 44.9	 Cr mg/L using 6 hour incubation time, while after 24 hour of 
incubation the IC50 was reached at significant lower concentration, i.e. between 4.69 and 18.6 mg/L. 
These results show that the harmful effect of chromium(VI) on Tetrahymena p. highly depends on the 



 
 
 
 
 
 

length of time exposure of this element on living organisms. The prolong exposure causes strong 
negative effect on bioindicator even in very low concentration of Cr(VI) solutions. 

 
3.2. Assessment of the textile and leather materials toxicity  
At the second step of the experiment, the inhibition rate of Tetrahymena pyriformis culture growth 

in water extracts of textile and leather materials was analyzed. The observations of colour changes of 
alamarBlue® cell viability reagent, performed by naked eye, showed consistent with the expectations 
results, i.e.:  

⎯ the occurrence of the red colour in the extract of the sample No. 1, which indicates large 
amount and high vitality of test organisms and lack of toxic effect of this sample on 
bioindicator; 

⎯ the occurrence of the blue colour resulted from not reduced form of alamarBlue® reagent in 
the extract of the sample No. 2 and its solutions (figure 2), testifying about strong harmful 
effect of this sample on living cells. 

 

  
control   25%    50%    75%   100%           

Figure 2. Color changes of alamarBlue® reagent in the extract solutions of the sample No. 2 
(after 6h of incubation with T. pyriformis).  

Taking into consideration the estimated levels of chromium(VI) concentrations in the extracts, 
according to equation (3) and (2), an attempt to calculate the content of this element within the tested 
materials, was performed. The obtained data are presented in table 3. 

 
Table 3. The result of measurements related to water extracts of materials. 

 
 

Extract 
Extract solution  

Inhibition rate  
[%] 

Chromium content  
estimated on the based of bioassay 

In extracts [mg/L] In materials 
[mg/kg] 

Incubation time Incubation time Incubation time 
6 h 24 h 6 h 24 h 6 h 24 h 

1 100 % solution of extract 
of sample No. 1   0 0 ≤3.45 ≤1 ≤34.5 ≤10 

2 100 % solution of extract 
of sample No. 2 100 100 ≥75 ≥75 ≥750 ≥750 

3 75 % solution of extract of 
sample No. 2 100 100 ≥75 ≥75 ≥1000 ≥1000 

4 50 % solution of extract of 
sample No. 2 53,4 75,2 40,0 45,1 800 902 

5 25 % solution of extract of 
sample No. 2 36,6 56,3 19,1 16,7 764 668 

 
When analyzing the results presented in table 3, it can be assumed that estimated levels of 

chromium content in textile and leather materials by bioindicative measuring method are at similar 
levels to those determined by using analytical method. With regard to the sample No. 2 the 
chromium(VI) content was estimated at the level from 668 to 902 mg/kg by proposed method, taking 



 
 
 
 
 
 

into account the different methods of spectrophotometric measurement and time of bioindicator 
exposure in extracts, while using analytical method the amount of this element was established at 757 
mg/kg. 

4.  Conclusions 
The results of performed experiment have shown high suitability of the bioindicative measuring 
method based on alamarBlue® assay and Tetrahymena pyriformis for screeninig and assessing toxicity 
of chromium(VI) comprised in textile and leather materials.  

The performed experiment showed the low cytotoxic effect of the extract obtained from the sample 
No. 1 (textile sample with 1.9 mg/kg Cr(VI) content) on test organisms. The strong harmful effect was 
observed in relation to the sample No. 2 and resulted from high content of chromium (757 mg/kg) 
within this sample. It is worth noting that the values of chromium content within the samples, 
estimated on the base of bioindicative method, was similar to those obtained using the analytical 
method (EN 71-3).  

Research on toxicity of textile extracts by means of the proposed bioindicative method using 
Tetrahymena pyriformis as bioindicator and colorimetric measurements performed in a present of 
alamarBlue® cell viability assay confirmed the high efficiency of the newly invented method in the 
safety assessment of textile products in relation to chemical risks.  
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Abstract. Some of the most significant properties of static dissipative woven fabric systems, in
applications where contact of textile material and human body is present, beside antistatic
properties are definitely microbial barrier permeability and thermophysiological properties.
Application of such materials with associated properties is of great importance in bedding
upholstery and comfortable apparel. Based on the conducted relevant tests, according to
standardized and newly developed methods, it can be concluded that the such static dissipative
woven fabric fulfils all the highly set criteria’s, resulting in a system that can, with certainty,
provide the necessary health protection and comfort.

1. Introduction
Antistatic protection and control of static electricity is important and necessary parameter in a wide
range of applications. Static electricity occurs, when two surfaces separate, and both surfaces become
charged with an electrical static charge. A static discharge can cause discomfort, serious personal
injury or major industrial damage. To provide control or elimination of static electricity and thereby to
provide protection against a range of risks and hazards, conducting yarns are used as interwoven part
of textile materials [1].

Such yarn that represents a new standard in static dissipative systems is Nega-Stat®, to provide
optimum antistatic protection in grounded and ungrounded applications according to end-use
specifications. Nega-Stat® P190 is a fine filament bi-component core yarn, with triobal shaped
conducting core surrounded by a sheath of Polyester (Figure 1).

Figure 1. Overview of the Nega-Stat® yarn cross section using a SEM



Trilobal conducting core provides the outstanding static dissipative performance, while outer sheath of
polyester provides exceptional durability to wear, washing, sterilization and chemical attack. It
neutralizes the surface charges on the base material by induction and dissipates the charge by
conduction when grounded or ungrounded by air-ionization, referred to as corona discharge. Whilst
other conducting yarns work by conducting electric charges along the surface of the yarn, this yarn
works by inducing the surface charge into its unique trilobal conducting core, which attracts the
electric field from the surface of the fabric and neutralizes all the free charge on the surface of the
material. As a result, the surface charge can be reduced to zero volts (Figure 2). Such fabrics provides
static control according to specific industrial requirements and international Standards such as EN
61340, EN 1149/5 etc., and meets all requirements according to OekoTex 100 and REACH
requirements for harmful substances [2].

Figure 2. Mode of functioning of Nega-Stat® yarn [2]

Woven fabric with static dissipative yarns can be used in wide range of applications, like: bedding
upholstery - to achieve neutralization of body level, comfortable apparel (lingerie, outerwear,
sportswear) - to achieve comfort and relaxation, automotive upholstery - to achieve body voltage
control, protective garment (clean areas, paint-shops, industrial work-wear, medical clothing,
operating gowns, food processing) - for prevention of incendiary discharges, industry (container bags,
conveyor belts, filters) - for elimination of explosion risk, etc [2].

As mentioned before, static dissipative woven fabric system have an important role in application
where the direct contact of material and skin is present, whereby the microbial barrier permeability
and comfort properties are of extreme importance. The features of thermophysiological properties and
microbial barrier permeability can be an important factor that affects the use of fabric. Comfort and
security of textiles for a specific application as well as type and level of activity and environmental
condition is mainly determined by the type of raw material, yarn and fabric structure.
Application of such materials with associated properties is of great importance in bedding upholstery.
A person in bed can generate a body voltage by movement of between 10 000 V up to 20 000 V. It is
known that high and varying levels of body voltage can effect sleep patterns. Static dissipative woven
fabric reduce the voltage to a body neutral level, which can benefit sleeping behaviour.

Application is also significant in the field of comfortable and protective apparel, in terms of
achieving comfort and relaxation, but at the same time security (lingerie, outerwear, sportswear,
medical clothing, operating gowns, clothing in food processing). Clothing made in wholly or partly
from synthetic materials which is in direct contact with the skin can generate static electricity, whose
quantity depends on the garment design, particularly tide fitting garments, can cling to the body and
cause discomfort. Antistatic yarn interwoven into the fabric can eliminate the clinging effect and
provides comfort and relaxation to the wearer [2].

2. Experimental and results
The material observed in this research is static dissipative fabric system, in raw and finished state.
Fabric was produced in tt. Čateks d.d. Croatia, and was woven from three components - PES/cotton
warp and two kinds of weft: main PES/cotton weft and antistatic Nega-Stat® yarn as second weft.



The fabric was woven in twill 2/2 weave, with selectively interwoven yarn with Nega-Stat®, in
stripe pattern, as every third weft (Figure 3), to provide effective static dissipation for the life of the
material. After weaving process the produced fabric was dyed with vat dyes and finished with a
variety of protective finishing treatments: waterproofness, water repellency, oil repellency, resistance
to infrared light, UV radiation, heat, fire, soiling, anti-static treatment, etc. [3].

Figure 3. Weave structure of static dissipative woven fabric system

To test the yarn and fabric samples, standardised methods were used. Determination of yarn linear
density was tested according to ISO 2060:2003, and yarn hairiness was tested on the basis of
registering fibres protruding from the yarn structure according to ASTM D 5674-01 on a Zweigle G
565 tester. Yarn twist was tested on a MesdanLab Twist tester according to Standard ISO 17202, while
breaking properties (breaking force, breaking elongation, work to rupture and yarn tensile strength) of
the yarn were tested according to Standard ISO 2062 on a Textechno Statimat M tensile tester.

The fabric density or number of threads per length unit was determined according to Standard EN
1049-2:1993, and determination of the mass per unit area was performed according to Standard ISO
3801:1977. The breaking force and breaking elongation of the fabrics before and after all treatments
was tested on a Textechno Statimat M tensile tester according to Standard ISO 13934-1:1999, in both
warp and weft direction.
Important properties of static dissipative woven fabric, especially for bedding upholstery and
comfortable apparel applications, along mechanical breaking properties, are thermophysiological
properties and microbial barrier permeability. Therefore, such tests are also conducted.

Microbial barrier permeability of dry woven fabric was determinated according to newly developed
method, described in Figure 4. Textile samples were prepared by fixing them on an O-ring device and
then placed in transparent packaging. The packaged samples were subsequently exposed to
sterilization at 134 ºC for 5 min, after which the packaging was opened in a sterile environment to
prevent contamination. In aseptic conditions, the spores were rubbed in equal motions on the front side
of the tested samples. The procedure was then repeated in the same order with the biological indicator
stick reversed. A print was taken using a CT3P agar print plate (bioMe´rieux SA, Marcy I’Etoile,
France), first from the back side, and then the front side, with a new plate. Agar plates were incubated
for 72 h at 35 ºC, after which colony forming units (CFUs) were counted.
Bacterial spores of the Bacillus genus Geobacillus stearothermophilus 105 (ATCC 12980, DSM 22)
and Bacillus atrophaeus 106 (ATCC 49337, DSM 7264) were used as their primary purpose is to serve
as a biological sterilization control. This work was specific because of the use of spores, which can
survive in a dry environment, while suspensions of various types of microorganisms were used in
similar evaluations. The use of a suspension moistens the fabric and the permeability is changed [4, 5].



Figure 4. Schematic representation of testing microbial barrier permeability [4]

Thermophysiological properties (comfort) were determinate by measuring water-vapour resistance
under steady-state conditions, using the Sweating Guarded Hot Plate (SGHP) equipment (Figure 5). A
SGHP simulates the moisture transport through textiles and clothing assemblies worn next to the
human skin, regarding it measures the water vapour resistance of the textile fabrics by measuring the
evaporative heat loss in the steady state condition [6, 7]. The temperature of the guarded hot plate is
set and kept at 35 °C respectively the temperature of the human skin and the air is ducted to flow
across and parallel to the upper surface of heated plate with constant speed of 1 m/s. During testing the
metal plate is covered by water vapour permeable and liquid impermeable membrane. The water-
vapour resistance is measured after the steady-state conditions have been reached [8]. The test
condition for measuring water vapour resistance is the standard atmospheric condition for testing; 65
% of relative humidity and 20 °C of ambient temperature
The water vapour resistance of the fabric (Ret) may be calculated according to ISO 11092 standard as
it follows [9]:
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where: Ret is the water-vapour resistance in m2 Pa W-1, pm is the saturation of water-vapour partial
pressure in Pa at the surface of the measuring unit at temperature Tm in °C, pa is the water-vapour
partial pressure in Pa of the air in the test enclosure at Ta °C, A is the area of the measuring unit in m2,
H is the heating power supplied to the measuring unit in W, ΔHe is the correction term for the heating
power in W, and Ret,0 is the bare plate evaporative resistance in m2 Pa W-1.

Figure 5. Sweating guarded hot plate, Measurement Technology Northwest



3. Results and discussion
Tested parameters of yarns used for weaving static dissipative fabric are shown in Table 1. Interesting
data that are evident from the table are the exceptional properties of anti-static yarn, which despite its
low linear density has extraordinary breaking properties.

Table 1. Basic yarn parameters.

Properties Warp
Weft

Weft 1 Weft 2

Yarn composition 50% PES /
50% cotton

50% PES /
50% cotton

86% PES / 14% Nega-
Stat® (39dtex, f6)

Tt, tex 40 (20x2) 20 28
T , m-1 600 800 470
H, No. of protruding fibres 375.60 1 394.40 598.60

F, cN
938.97 325.50 931.54

CV, % 4.48 7.75 5.86

ɛ, %
9.77 6.98 13.39

CV, % 4.80 9.75 4.76

W, cN cm
2 366.48 658.02 2 902.64

CV, % 9.57 17.64 10.53

ϭ, cN tex-1 23.42 16.27 33.27
CV, % 4.48 7.57 5.86

where: Tt is the yarn unevenness in tex; T is number of twist per 1 m in m-1; H is number of
protruding fibres; F is the breaking force in cN; ɛ is breaking elongation in %; W is work to rupture
in cN cm; ϭ is tenacity in cN tex-1; is mean value; CV is standard deviation.

Results obtained by testing show that finishing process have influence on fabric properties, but not
in terms of negative influence on the relevant fabric properties. Mass per unit area has increase for just
2.3%, what is actually negligible. As opposed to that, fabric thickness decreased for even 25%. This
reduction did not negatively affected the other physical-mechanical properties, but has contributed to
better palpable features in terms of application. Furthermore, thickness decrease of finished fabric did
not affect water-vapour resistance i.e. comfort properties, neither microbial barrier permeability.

The conducted tests of breaking properties, for raw and finished fabrics, shows significantly better
results in warp then in weft directions because of the higher density of warp threads. Results also show
that tested breaking properties of finished woven fabric are better than of the raw one. It is interesting
that after all finishing treatments, significant increase of tested parameters are present in warp
direction and just minimum increase in weft direction of woven fabric: breaking force (F) and tenacity
(ϭ) increased in warp direction for 14% and just 3% in weft direction, while work to rapture (W)
increased for 33% in warp and just 6% in weft directions. Concerning elongation at break (ɛ), the
situation is much different. The significant increase in finished woven fabric is present in weft
direction, by as much as 19%, and just 5% in warp direction.



Table 2. Physical-mechanical and thermophysiological properties and microbial barrier
permeability of static dissipative woven fabric.

Properties
Raw woven fabric Finished woven fabric

Warp Weft Warp Weft

d, threads/10cm 36 26 36 26
t, mm 0.468 0.351
m, g m-2 218.48 223.55

F
, N 1 428.88 572.53 1 626.30 591.02

CV, % 4.91 2.45 5.11 1.96
SD, N 70.11 14.03 93.08 11.56

ɛ
, % 18.53 14.80 19.46 17.62

CV, % 16.36 3.12 7.06 2.29
SD, % 3.03 0.46 1.37 0.40

W
, cN cm 206 211.80 81 637.91 274 112.30 86 285.17

CV, % 19.33 4.67 14.60 4.68
SD, cN cm 39 861.24 3 810.41 40 013.34 4 042.08

ϭ
, cN tex-1 714.44 286.26 813.15 295.51

CV, % 4.91 2.45 5.11 1.96
SD, cN tex-1 35.06 7.01 41.54 5.78

Ret

, m2 Pa W-1 5.57 4.73
CV, % 10.25 1.76
SD, m2 Pa W-1 0.57 0.08

CFU
Mean, - 4 3
SD (range), - 1.3 (3-6) 1.5 (1-5)

where: d is the fabric density in threads/10cm; t is fabric thickness in mm; m is mass per unit area
in g m-2, F is breaking force in N; ɛ is breaking elongation in %; W is work to rupture in cN cm; ϭ
is tenacity in cN tex-1; Ret is water-vapour resistance in m2 Pa W-1; CFU is colony forming unit; is
mean value; SD is standard deviation; CV is standard deviation.

The mean values of water vapour resistance (Ret) of raw woven fabric is 5.57 m2 Pa W-1 and
finished woven fabric 4.73 m2 Pa W-1 (Table 2). According to the literature and from the physiological
point of view, a textile material has to be judged the better the lower its water vapour resistance is. A
lower water vapour resistance is the better the possible evaporation of moisture (sweat) from the
wearer’s or sleeper’s body. The textile having the water vapour resistance up to 5 m2 Pa W-1 is,
according to the literature, a material with very good physiological properties [10, 11]. It can be
concluded that the static dissipative woven fabric before and after finishing have very good
physiological properties and thus great wearing and feeling comfort.
Based on the conducted tests of microbial barrier permeability, it can be concluded that this static
dissipative woven fabric, with a minimum number of colony formed bacteria, has exceptional
properties.



4. Conclusion
Static dissipative woven fabric are system with mail role of antistatic protection and control of static
electricity that can occur between textile material and human body. A static discharge that may occur
can cause discomfort or serious health injuries. For such textile materials, which are in direct and tight
contact with skin, beside antistatic properties, other features, like thermophysiological properties and
microbial barrier permeability are also of paramount importance. Tested static dissipative woven
fabric with interwoven Nega-Stat® yarn, fulfils all the highly set criteria’s, resulting in a system that
can, with certainty, provide the necessary health protection and comfort in terms of listed applications.
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Abstract. The mechanical behavior of fibrous structures depends on the inter-fiber friction. In 

the scientific literature, many researchers have studied this kind of friction, however all of them 

focused on the inter-fiber friction in only two directions: longitudinal-to-longitudinal (l-l) and 

longitudinal-to-transversal (l-t). Hence, there are no studies, up to now, focusing on 

transversal-to-transversal (t-t) direction. For this reason, an experimental device was developed 

to evaluate the transversal inter-fiber friction. The obtained results would allow characterizing 

and modelling this type of friction. 

1. Introduction 

In some of composite manufacturing processes, such as Resin Transfer Molding (RTM), fibrous 

reinforcements are subjected to a preforming before the stage of resin injection. During preforming, 

many defects could appear and can highly affect the mechanical resistance of the final composite 

materials. Current studies [1] show that the appearance of preforming defects is due to several reasons, 

where the most influential one is the friction occurring inside the fibrous structures during their 

preforming. Thus, the friction is induced by the fabric deformation, which leads to a sliding between 

the different fibrous components: layers, yarns and fibers. Hence, the study and the measurement of 

friction seem very crucial to evaluate the fibrous structure behavior.  

Indeed, the friction phenomenon can be evaluated according to three levels: macroscopic (inter-ply 

reinforcement), mesoscopic (friction between yarns) and microscopic (friction between fibers). In the 

microscopic level, friction can further be classified into three cases, based on the friction direction: 

longitudinal-to-longitudinal (figure 1.a), longitudinal-to-transversal (figure 1.b) and transversal-to-

transversal (figures 1.c, d). 

 

Figure 1. Classification of friction according to directions 

Actually, friction at macroscopic and mesoscopique scales has been wildly studied [1] [2]. 

However, we presently focus on the friction at the microscopic scale. This type of friction, called 

inter-fiber or fiber-to-fiber friction, has been reported by numerous studies [3] [4] [5] [6], but all of 

them focused on longitudinal-to-longitudinal or longitudinal-to-transversal friction (figure 1.a and 

1.b). 



 

 

 

 

 

 

As reported in abovementioned studies [6] [7], the evaluation of longitudinal-to-longitudinal 

friction depends basically on the principle shown in figure 2. In this principle, two twisted fibers are 

subjected to the same pre-tensile force (P1) at each end. Then, a tensile force (P2>P1) is applied 

continuously and progressively at one of the four fiber ends. While P2 is inferior to the sum of P1 and 

the inter-fiber static friction force, the helical contact surface between fibers stays immovable in the 

same configuration. When P2 becomes superior to the up-mentioned sum, sliding occurs between the 

two fibers. By means of experimental recorded values, at the moment of sliding, as well as other 

experimental parameters, it is possible to calculate the friction coefficient. Several researchers used 

this principle in different experimental benches in order to evaluate the longitudinal-to-longitudinal 

friction. Elmogazy [5] has developed a test bench shown in figure 3, therein the two twisted fibers A 

and B are mounted via four pulleys. When the experiment started, the pulley 4 is fixed, while the three 

others are left free in rotation. A force P2 is then applied progressively until sliding occurs. Hence, the 

longitudinal-to-longitudinal static friction coefficient is calculated by means of the following equation:  

µ =
(𝑃2 − 𝑃1) ∗ 𝑙

2(𝑃2 + 𝑃1) ∗ 𝜋2𝑛2𝑟
 

where l and r, are the length and the radius of the helical contact, n is the number of fiber helical coils. 

When we come across the longitudinal-to-transversal friction case, we find that it has been also 

studied by several researchers. Howell [3] carried-out an experimental test bench to evaluate this kind 

of friction between two fibers, as shown in figure 4. In this experiment, when the cadre B, which 

clamps the fiber E, is moved horizontally in the raw direction, the fiber C which is already fixed to a 

point A rubs on the fiber E in the opposite direction. Depending on the experimental parameters: the 

distance L, the angles α and β, the distance S, and the counterweight W, it is possible to calculate the 

longitudinal-to-transversal friction coefficient by the following equation. 

µ =
𝑊 𝑔 𝑠𝑖𝑛𝛼

𝑊 𝑔 𝑠𝑖𝑛𝛽
=

𝑠𝑖𝑛𝛼

𝑠𝑖𝑛𝛽
=

𝐿

𝑆
 

Concerning the two last cases, presented in figure 1.c and 1.d, there is no research, to the best of the 

authors’ knowledge, which studied this type of friction [8]. Therefore, it would be very interesting to 

find a new method for measuring the transversal inter-fiber friction. Hence, this paper presents a new 

experimental device to evaluate this type of friction. 

 

  

Figure 2. (l-l) friction 

evaluation principle 

Figure 3. Elmogazy bench [5] Figure 4. Howell bench [3] 

 



 

 

 

 

 

 

2. Transversal-to-transversal friction measuring idea 

To study the transversal-to-transversal friction, a sliding movement has to been generated between 

two fibers, according to the directions shown in figure 1 (cases c and d). Since it is practically very 

difficult to achieve this movement, it has been replaced by another induced movement, allowing a 

transversal sliding, as exposed in figures 5.a and 5.b. Depending on this configuration, we designed 

and carried-out our experimental bench in order to evaluate the transversal-to-transversal inter-fiber 

friction. According to this idea, two fibers, subjected to equal extensional forces: F1, F2, F3 and F4, are 

clamped from their ends and crisscrossed together with an angle β and then they are twisted to a 

defined angle, 180° in figure 5. By this way, normal forces, N1 and N2, are induced at the contact zone. 

Then, the two fibers are simultaneously and progressively subjected to a torsional movement with an 

angle θ at each of their ends, according to the black arrows directions (figure 5). During this rotational 

movement, two types of torque are induced: the elastic torque, which is due to the rotational 

movement and which is transmitted to the inter-fiber contact zone, and the resistive torque, which is 

due to inter-fiber tangential friction forces T1 and T2. When the elastic torque becomes more important 

than the resistive torque, a sliding between the two crisscrossed fibers takes place. Thanks to a new 

mathematical model under development, it is possible to evaluate and characterize the transversal 

inter-fiber friction through the two parameters recorded at the moment of sliding: the torsional angle θ 

and the tensile forces F induced at each fiber end.  

 

 
C-C section view 

 

Figure 5. Transversal friction measuring idea  Figure 6. Machine design 

 

3. Conception and carrying-out of the machine 

In order to achieve the measuring idea explained in section 2, an experimental machine was designed 

and constructed as shown in figure 6. It includes two main parts, upper and lower. The upper one has 

two servo-motors M1 and M2 (brushless), fixed to two profiles a and b, which are symmetrically 

articulated with a third profile c. Both profiles a and b can rotate around their articulation points at 

equal angles α and α'. Their symmetrical movement are guaranteed by two threaded shafts (Sh1 and 

Sh2) fixed to a plate P. When the shafts are rotated, clockwise or anticlockwise, this in turn leads to 

increasing or decreasing the angles α and α'. Subsequently, this allows changing the angle β. The set of 

three profiles; a, b and c, is fixed on a beam A, which is attached to two similar and linear guiding 

systems by means of two squares (S1 and S2). Through this assembly, the two guiding systems can be 

synchronously moved upwards or downwards thanks to the two gears A and B, the mechanical chain 

and the crank. Furthermore, the upper part has two identical fiber clamps that are specifically designed 

and developed for this machine. 

On the other hand, the lower part is similar to the upper one and fixed to a rotated disk. This part 

has also two clamps, having the same geometrical dimensions as their homologues of the upper part. 

Regarding the tensile forces (F1, F2, F3, F4), it is assumed that they will be identical if the machine 



 

 

 

 

 

 

symmetry is guaranteed. For this reason, only one tensile force sensor was used to measure one of 

these forces. 

From electrical and automatic point of view, the bench has four similar servo-motors allowing 

fibers to rotate at different velocities. Each motor has its own variable speed drive in order to adjust 

the required rotational velocity. Motors rotations are synchronized by means of an automation circuit 

(figure 7), depending on a motion controller LMC, so that, each motor starts the rotation at the same 

moment and the same velocity of the other ones. The synchronization program was accomplished by a 

specific software ‘’SoMachine’’, associated to the controller LMC. In addition to this synchronization 

task, the controller ensures the communication with the different elements of the machine, such as: 

PC, the touch-screen (Human Machine Interface) and the different sensors used in measuring and 

adjusting the tests process.  

Two types of sensors were used in the machine: the first one is the tensile sensor, which measure 

the traction forces from 0 to 5N and the other one is position sensors used to adjust the starting 

position of each motors. The automatization principle of the experimental machine is presented in 

figure 7.  

 

  

Figure 7. Machine control system Figure 8. Established machine 

The automatization scheme shown in figure 7 was achieved through electrical and control panel 

enclosures (figures 9 and 10). The electrical enclosure includes principally the four speed drives, 

electrical and human protections equipment (circuit breakers, differential breaker, thermal and 

magnetic fuse, kill switch, etc...). On the other side, the main task of control panel is to pilot the 

machine. 

  

Figure 9. Electrical enclosure Figure 10. Command panel enclosure 

 



 

 

 

 

 

 

The design, programming and automatization of the current machine enable to have a flexible 

experimental bench, allowing to carry out tests at different values of experimental parameters such as: 

fibers lengths (up to 430 mm), tensile force F induced on fibers (up to 5N) and the crisscrossed fibers 

angle β (35° à 50°). 

 

4. Tests procedure and results 

Before carrying out the tests, the machine configuration shall be adjusted at predefined geometrical 

parameters including both angle β and the distance between the upper and lower part of the machine.  

Fibers are then crossed and stretched to a defined pretension force. After that, the lower part is 

manually rotated to 180° in order to twist the two crossed fibers as illustrated in figure 5. The machine 

is next switched on, so that, the four motors start their rotations at a low velocity (1 to 20 rpm), 

according to the directions of arrows shown in figure 5. As the angle β and the distance between the 

upper and the lower parts of the machine remain fixed during rotation, the tensile forces, induced on 

fibers, increase continuously. As explained in section 2, when sliding occurs in the contact zone, a 

sudden change in the tensile force takes place. At this moment, the tensile force F and the torsion 

angle θ of fibers are recorded to be used later. Further experiments are conducted for another pairs of 

fibers at the same angle (β = 38°) and different values of pre-tensile forces applied on the fibers. We 

shall note that for each test, the two main parameters θ and F are recorded to draw the curve presented 

in figure 11.  

 
Figure 11. Torsion angles versus tensile forces at sliding moment 

From the above curve, we observe that when the pre-tensile force, applied on the fibers before 

experiment, increases, the inter-fiber sliding requires more torsion angles to be produced. Moreover, 

this curve has two parts, straight (blue) and non-linear part (red). In the red zone, we note that the 

torsion required for the sliding is more important than the corresponding torsion of the dashed line 

(linear response). 

The difference between linear and nonlinear behaviors can be explained referring to figures 5. In 

fact, if the two crossed fibers are assumed to be perfectly flexible, the normal forces N1, N2 are only 

caused by the traction forces F and the fiber curvature. As the flexion stiffness is neglected, the fiber 

curvature does not change with the force F, giving this way proportionality between F and N. On the 

other hand, the tangential force is proportional to the elastic torque, which is proportional to the sliding 

angle θ. This leads to a linear relationship between θ and F in the blue zone. 

Practically the assumption of negligible flexion stiffness of fibers may be not justified, so, fibers 

behave like beams. In this case, when crossed fibers are twisted together, as shown in figure 5, each 

normal force N1 and N2 has two components: the first one caused by the traction forces applied on 

fibers, and the second one due to the fiber flexion stiffness. Subsequently, the appearance of the two 

zones, red and blue, in the previous curve, could be explained as follows: in the blue zone (linear one), 

when traction forces are important, their effects become highly important also, and thus, the normal 

forces component caused by flexion stiffness seems to be negligible with comparison to the normal 

component caused by fiber traction. In the red zone, the traction forces are not high enough and thus, 

the normal components caused by flexion stiffness could not be negligible. In this case, the total 

normal force could be more important than the normal force when the flexion stiffness was negligible. 



 

 

 

 

 

 

Subsequently, the resulted resistive tangential forces T1, T2, due to friction, are more important 

compared to the blue zone. Hence, the resistive torque in red zone is also more important than the 

resistive torque of the blue zone. Consequently, the motors should provide more torsion, in order to 

achieve an elastic torque capable to compensate the resistive torque of the red zone. Some preliminary 

numerical simulations seem to be coherent with the above analysis and give curves θ vs F similar to 

the one of figure 11.  

 

5. Conclusion 

Thanks to this study, a new concept of transversal inter fiber friction measurement was developed and 

led to the realization of a new experimental device. The accomplished machine is flexible and 

currently in use. It allows the evaluation of the transversal friction between fibers of different materials 

with different diameters from 50 until 500 µm. The design flexibility and the machine program 

allowed the carrying out of several tests. The first results seemed to be coherent. Moreover, the 

measured variables (θ and F) would allow, through a theoretical model under development, to evaluate 

the transversal inter fiber friction. 
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Abstract. Within this research project, the tensile behavior of high performance fibers, such as
carbon fibers, is investigated under high velocity loads. This contribution (paper) focuses on
the clamp set-up of two testing machines. Based on a kinematic model, weight optimized
clamps are designed and evaluated. By analyzing the complex dynamic behavior of
conventional high velocity testing machines, it has been shown that the impact typically
exhibits an elastic characteristic. This leads to barely predictable breaking speeds and will not
work at higher speeds when acceleration force exceeds material specifications. Therefore, a
plastic impact behavior has to be achieved, even at lower testing speeds. This type of impact
behavior at lower speeds can be realized by means of some minor test set-up adaptions.

1. Introduction
Using high performance fibers, such as carbon fibers, for reinforcement in fiber reinforced plastic and
concrete applications, the knowledge about the behavior of these fibers under high velocity impacts
and crashes becomes increasingly important for designing and dimensioning new composite
components [1]. The resulting strain rate of these fibers defines their failure behavior, which is more
important than the impact velocity. Recent research activities on PA6.6 investigate the failure behavior
of fibers at up to 70 m/s or 500 1/s. Due to the 20 times higher maximum breaking elongation of PA
6.6, the use of conventional force measuring cells for determining the material properties is possible
based on longer measuring times. Actually, no tensile testing of fibers is performed at strain rates
above 500 1/s nor velocities above 70 m/s.For non-textile materials, this test is typically performed
using a split hopkinson kolsky bar. The flexible nature of fibers requires a tailored test set-up. The
objectives of current research at ITM consist in achieving an increasing speed and strain rate with a
rotating disk loading principle and thus in providing a trans-scale test set-up for quasi static to high
dynamic stress. This contribution (paper) presents the development of an improved fiber bracket and a
comparison of different load sensor principles based on preliminary tests as well as a simulation based
approach.

Performing high speed tensile testing, two challenging issues occur very early in the process. The
first issue is to apply the load to the test specimen properly so fiber breakage occurs under target
speed. The second challenge is to capture the course of force during the test.



2. Experiment
To investigate the aspects mentioned above, two existing testing machines, Zwick HTM 5020 and a
previously constructed drop tester [2], were used. Tests were carried out using the original testing
machine (Figure 1) as well as a modified set-up (Figure 2). The carbon fibers used were Toho Tenax
HTS 45 E23 12K with 800 tex and SGL Carbon Sigrafil 24K with 3300 tex. The force measurement
was carried out by means of piezoelectric load cells (Kistler type 9071A, built-in in HTM5020 and
Kistler type 9311B) with different resonance frequencies (less than 30 and 70 kHz, respectively). In
addition, a location and time resolved motion analysis was carried out using the high-speed camera
Photron SA-X2 and the software GOM Correlate.

Figure 1: Set-up of original testing machines: Zwick HTM5020, complete with standoff distance
(left) and detail of clamp (center); drop tester with original clamp set-up (right)



Figure 2: Spring-damper-model (left), set-up of modified testing machines: Zwick HTM5020 (center)
and drop tester (right) with tailored clamps and additional load cell

Figure 3: Constructed drop tester with elastic impact behavior

Figure 4: Constructed drop tester with an additional metal sheet to achieve plastic impact
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3. Results and discussions
A model of the test set-up was created in order to be able to theoretically analyze the testing machine
behavior for varying parameters (Figure 2 left). Based on these investigations, optimized clamps were
designed to lower the weight of the parts to be accelerated. Based on the original set-up, by means of
motion analysis it was found that elastic impact occurs in most of the former tests (Figure 3), which is
quite satisfying for the speed of these conventional testing machines. A disadvantage of elastic impact
is that the resulting speed is up to 2 times higher compared to the speed of the incident bar, which may
lead to wrong breaking velocities as shown in the diagram in Figure 3.

To achieve higher strain rates at constant specimen length, it is necessary to increase the testing
speed. As a result, the energies required for accelerating one end of the sample are much higher.
Therefore, the material behavior under impact changes to a partially plastic impact. To realize a
defined impact behavior for high testing speeds, a pure plastic impact behavior has to be achieved. A
corresponding modification is shown in Figure 4. On the left side, a metal sheet placed under the anvil
converts the impact energy into plastic deformation and prevents further acceleration of the anvil by
elastic deformation energy of the impact. On the right side, the velocity profile is shown with a steep
ramp caused by the fixture of the metal sheet, which lowers the velocity to zero within 3.5
milliseconds. However, the necessary elongation at break for carbon fibers at a velocity of 7 m/s is
reached within 400 µs, so that the targeted velocity at breakage is still 7 m/s.

Besides, increased testing speeds cause difficulties in interpreting dynamic effects of the test set-up
due to resonance effects. The measured values of the load cells (Figure 5) are adversely affected by the
inertia of the accelerated components and the wave propagation speed. The comparison of the two
load cells mounted behind each other shows that both the stiffness and the masses can lead to
significant measurement deviations during high strain rate tensile tests, since the duration for a force-
equivalent deformation is not sufficient.

Figure 5: Influence of testing speed on conventional loads cells for identical samples

4. Conclusion
In order to set up a tensile test system for speeds from quasi static up to 100 m/s behaving constantly
across the whole speed range, it is necessary to precisely understand and measure the impact behavior
until the sample breaks. For measuring forces and energies, standard load cells cause issues above 10
m/s, especially in the case of samples characterized by small breaking elongations, such as carbon and
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glass fibers. Therefore, newly combined measurement approaches have to be pursued. Since elastic
impact suffers from barely predictable breaking velocity, plastic impact needs to be achieved across
the whole speed range.
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