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Abstract
Nanofi brous mats can be used as a substrate for eukaryotic cell growth in biotechnology, tissue engineer-

ing, etc. Several adherent cells (e.g. human fi broblasts) have been shown to grow well on fi ne fi bres. For 

most applications, it is necessary to sterilize nanofi brous mats before adding the cells. Another possibility 

would be the addition of antibiotics and antimycotics to the cell culture medium to prevent microbial in-

fection. However, antibiotics are disadvantageous since they might promote the growth of resistant bacte-

ria in possible future medical applications of nanofi brous mats. Possible sterilization techniques include auto-

claving, UV-sterilization, ozone treatment, heat sterilization and other techniques which usually necessitate 

more expensive equipment, such as gamma irradiation. Systematic examinations of the infl uence of diff er-

ent sterilization techniques on the cell growth on nanofi brous mats have not yet been reported in the lit-

erature. Here, we report on the fi rst experimental investigations of the eff ect of sterilization with diff erent 

methods on the properties of polyacrylonitrile (PAN)/gelatine nanofi brous mats, and the resulting growth 

and adhesion of Chinese hamster ovary cells. While all techniques under investigation yielded sterile nanofi -

brous mats, autoclaving and heat sterilization change the PAN/gelatine fi bre morphology. Ozone, on the 

other hand, modifi es the pH value of the culture medium and partly impedes cell adhesion. UV sterilization 

also suggests a chemical modifi cation of the nanofi brous mat. Unexpectedly, heat sterilization resulted in 

the highest amount of adherent Chinese hamster ovary cells grown on PAN/gelatine nanofi brous mats in 

spite of gelatine melting.

Keywords: polyacrylonitrile/gelatine nanofi brous mats, sterilization, autoclaving, ozone, UV sterilization, heat 

sterilization, cell growth, adherent cells, CHO cells, tissue engineering

Izvleček
Nanovlaknaste koprene se lahko uporabijo kot substrat za rast celic v biotehnologiji, tkivnem inženirstvu 

itd. Pokazalo se je, da številne celice, npr. človeški fi broblasti, pritrjene na fi nih vlaknih, dobro rastejo. Za 

večino aplikacij je treba nanovlaknaste koprene pred nanosom celic sterilizirati. Druga možnost prepre-

čevanja mikrobnih okužb bi bila dodajanje antibiotikov in antimikotikov v gojišče celične kulture. Vendar 

pa so antibiotiki manj primerni, saj lahko spodbujajo rast odpornih bakterij v morebitnih prihodnjih me-

dicinskih aplikacijah nanovlaknastih kopren. Mogoče so različne tehnike sterilizacije, vključno z avtokla-

viranjem, UV-sterilizacijo, obdelavo z ozonom, toplotno sterilizacijo in druge, ki po navadi zahtevajo draž-

jo opremo, kot je obsevanje z žarki gama. Pregleda o vplivu različnih tehnik sterilizacije na rast celic na 

nanovlaknastih koprenah v literaturi še ni. V nadaljevanju predstavljamo prve eksperimentalne raziskave 

učinka sterilizacije z različnimi metodami na lastnosti poliakrilonitrilnih (PAN)/želatinastih nanovlakna-

stih kopren in posledično na rast in adhezijo celic. Medtem ko so tehnike, ki so bile raziskane, omogočile 
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1 Introduction

Nanofi brous mats with the fi bre diameters in the 
range of some ten to several hundred nanometres 
can be prepared with electrospinning from diverse 
polymer solutions or melts. While the easiest tech-
nology uses a syringe to extrude the polymer solu-
tion through a fi ne needle into a high electric fi eld 
[1, 2], needleless technologies allow for higher pro-
duction output and can oft en be upscaled from lab 
to industrial scale [3–5].
Electrospinning from a solution necessitates fi nding 
an adequate solvent to dissolve the desired polymer 
or polymer blend, besides several other prerequi-
sites, such as large enough molecular weight of the 
polymer to form fi bres at all. Several solvents which 
are oft en used in electrospinning, however, are toxic 
or corrosive. While a large number of biopolymers 
can be electrospun from water [6, 7], only few water-
resistant polymers can be spun from low-toxic sol-
vents such as dimethyl sulfoxide (DMSO) [8]. Th is is 
one of the reasons why polyacrylonitrile (PAN) is of 
large interest in electrospinning, apart from its usa-
bility as a precursor for carbon nanofi bres [9–11].
Preliminary tests in our group showed that animal 
cells do not grow well on pure PAN nanofi brous 
mats although serum was added to the culture me-
dium. It is well-known that certain proteins present 
in the serum promote cell adhesion (e.g. fi bronectin 
[12]). Another possibility to enable cell adhesion is 
coating the cell culture fl asks with collagen, which 
is an established method to enable cell adhesion 
[13]. Th us, the eff ect of adding gelatine to the PAN 
solution was tested. Commercially available gelatine 
is derived mostly from porcine skin. It is water-sol-
uble, and consists mainly of a mixture of diff erent 
denatured and partly hydrolysed collagens. PAN/
gelatine nanofi bres display slightly increased fi bre 
diameters compared to pure PAN nanofi bres [14]. 
Since the exact distribution of both components in 
fi bres has not been investigated yet, the infl uence of 

the fl uid culture medium on fi bre integrity has to be 
examined.
Generally, nanofi brous mats prepared from biopoly-
mers, such as gelatine or alginate, are known to sup-
port cell growth for wound healing, tissue engineer-
ing or biotechnological purposes [15–19]. Especially 
for elongated cells, such as neurites or fi broblasts, 
nanofi bres have been shown to support cell growth 
[20–24].
Unexpectedly, possibilities to sterilize nanofi brous 
mats before the addition of cells and their potential 
infl uences on cell growth are only scarcely men-
tioned in the scientifi c literature. Castagna et al per-
formed autoclaving and UV irradiation to sterilize 
polyaniline nanofi brous mats [25]. Arnal-Pastor et 
al used immersion in 70% ethanol for 3 hours, which 
necessitated careful rinsing with sterile phosphate-
buff ered saline to remove ethanol residues, making 
this method very time-consuming [26]. Ethanol was 
also suggested by Fan et al to sterilize regenerated 
silk fi broin nanofi bres [27]. However, absolute etha-
nol (99.46%) is usually non-sterile since it is known 
to preserve microbial spores [13]. Th erefore, sterili-
zation with ethanol is not a reliable procedure.
In this paper, we report on a comparison of four dif-
ferent sterilization techniques applied for PAN/gela-
tine nanofi brous mats, and their infl uence on the 
growth of adherent CHO cells in the absence of an-
tibiotics and antimycotics. Th e CHO cells are oft en 
used in the production of therapeutic proteins and 
in diverse biotechnological examinations [28–31]. 
Hence, they are ideal model cells for preliminary 
sterility tests.

2 Materials and methods

2.1 Electrospinning
Nanofi brous mats were produced with the wire-
based electrospinning machine “Nanospider Lab” 
(Elmarco, Liberec, Czech Republic). Th e spinning 

izdelavo sterilnih nanovlaknastih kopren, pa sta avtoklaviranje in toplotna sterilizacija spremenila morfo-

logijo PAN/želatinastih vlaken. Po drugi strani pa je ozon spremenil vrednost pH-gojišča in delno oviral 

celično adhezijo. UV-sterilizacija je vodila tudi v kemično modifi kacijo nanovlaknaste koprene. Nepriča-

kovano je bilo, da je toplotna sterilizacija vodila v nastanek največje količine celic jajčnikov kitajskega hrč-

ka (celice CHO), ki kljub taljenju želatine rastejo na PAN/želatinastih nanovlaknih.

Ključne besede: PAN/želatinska nanovlakna, sterilizacija, avtoklaviranje, ozon, UV-sterilizacija, toplotna sterilizaci-

ja, rast celic, adherentne celice, celice CHO, tkivni inženiring 
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parameters were: voltage 70 kV, nozzle diameter 
1.5 mm, carriage speed 100 mm/s, static substrate, 
ground-substrate distance 240 mm, electrode-sub-
strate distance 50 mm, relative humidity 33%, spin-
ning duration 50 min.
Th e PAN solutions were prepared with a PAN (pur-
chased from Woolworth, Unna, Germany) concen-
tration of 16% in DMSO (min. 99.9%, purchased 
from S3 Chemicals, Bad Oeynhausen, Germany) by 
two-hour stirring at room temperature. Gelatine 
(purchased from Abtei, Marienmünster, Germany) 
was added in the concentrations of 5% and 10%; 
higher concentrations were not spinnable.

2.2 Sterilization
Sterilization was performed with the following 
methods:
A closed box with an ozone generator (CHM 
GmbH, Amberg, Germany), working according to 
ISO 105-G03, was used for 15 min, 30 min, 45 min 
and 60 min. Aft erwards, the petri dishes were closed 
inside the box to avoid contaminations aft er the 
sterilization process.
Th e heat sterilization was performed with an oven 
UN75 (Memmert, Schwabach, Germany) at the 
temperatures of 60 °C, 100 °C, 140 °C and 180 °C 
for 30 min each.
For the UV sterilization, a UV lamp UV-spot 25W/
E27 (Eurolite, Waldbüttelbrunn, Germany) was used. 
Since this lamp was not specifi ed for sterilization, rel-
atively long irradiation times of 1 h, 1.5 h, 2 h, 2.5 h 
and 4 h were tested. Th e heat development during 
the sterilization was monitored with a thermal cam-
era (FLIR E8, FLIR Systems, Wilsonville, OR, USA).
Th e autoclaving was performed for 20 min at 121 °C 
with a VX-75 autoclave obtained from Systec 
(Linden, Germany).
Before the sterilization tests, the nanofi brous mat 
samples were washed three times with highly puri-
fi ed water. Aft er the sterilization, the samples were 
placed in the wells of a 24-well cell culture plate 
(Cellstar®, Greiner, Kremsmünster, Austria) inside a 
biological safety cabinet Safe 2020 (Th ermo Elec-
tron LED GmbH, Langenselbold, Germany). Prior 
to that, 5 ml of mediums was pipetted into the well, 
using fi ve specimens per experiment. One well was 
used as a sterility test. Th e incubation was per-
formed for 4 days (96 h) in a HERAcell 240i incuba-
tor (Th ermoFisher Scientifi c, Waltham, MA, USA) 
at 37 °C and 7.5% CO2.

2.3 Cell cultivation
For the cell cultivation, Dulbecco’s Modifi ed Ea-
gle’s medium (DMEM) / Ham’s Nutrient Mixture 
F12 (1 : 1 DMEM/F12) (purchased from SAFC Bio-
sciences, Irvine, UK) was used as a base. Th e medium 
was prepared according to the instructions for use. It 
was supplemented with glucose (Roth, Karlsruhe, 
Germany) and L-glutamine (Applichem, Darm-
stadt, Germany) to the fi nal concentration of 4 g/l 
and 4 mM, respectively. It also contained phenyl red. 
Th e pH value was set to 7.4 before the medium was 
sterile fi ltered (Sartolab P, 0.45 μm / 0.22 μm, Sarto-
rius, Göttingen, Germany). Finally, 10% sterile donor 
horse serum (biowest, Nuaillé, France) was added.
Th e CHO DP-12 cells used in this study were ob-
tained from LGC Standards GmbH, Wesel, Germa-
ny (ATCC no. CRL-12445). Th ese Chinese hamster 
ovary cells grow in vitro to form a monolayer if us-
ing a serum containing medium.
For the cell cultivation, nanofi brous mat samples of 
2 cm × 2 cm were glued with Elastosil E41 RTV-1 
silicone rubber (Wacker, Burghausen, Germany) on 
cover slips (21 mm × 26 mm) (Carl Roth, Karlsruhe, 
Germany) to keep them inside the medium. Aft er 
the sterilization, the mats were placed in 6-well 
plates (Labsolute, Th . Geyer, Renningen, Germany) 
inside a safety cabinet (HERA Safe 2020, Th er-
moFisher Scientifi c, Waltham, MA, USA). 200,000 
cells were seeded into each well. In one well, only 
cells without a nanofi brous mat were cultivated as a 
control. Th e cultivation was again performed for 4 
days in an incubator at 37 °C and 7.5% CO2.
Aft erwards, the medium was pipetted out of the wells. 
Th e cells were dyed with 1 ml methylene blue (eu-
romex, Arnheim, Netherlands; 1 : 16 dilution in PBS). 
Th e pretests showed that neither PAN nor gelatine 
were dyed by it, confi rming that all blue objects on 
nanofi brous mats must belong to cells (not shown).
Aft er PBS was again pipetted out of the wells, 1.5 ml 
glyoxal solution was added to fi x the cells [32]. For 
this, a 3 vol% glyoxal solution, containing 34.02 ml 
highly purifi ed water, 9.468 ml ethanol (abs., VWR 
BDH Prolabo, Langenfeld, Germany), 3.756 ml 40% 
glyoxal (Roth, Karlsruhe, Germany) and 0.36 ml ace-
tic acid p.a. (VWR BDH Prolabo, Langenfeld, Germa-
ny), with the pH value between 4 and 5 was used. Th e 
well plate was cooled on ice for 30 min and incubated 
for another 30 min at room temperature before the 
glyoxal solution was pipetted out of the wells, and the 
nanofi brous mats were taken out and dried in the air.
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2.4 Investigations
An optical examination during cultivation was 
achieved with an Axiovert 40 CFL microscope 
(Zeiss, Oberkochen, Germany). Aft er the fi xation, 
confocal laser scanning microscopes (CLSM) VK-
9000 and VK-100 (Keyence, Osaka, Japan) were 
used with the nominal resolution of 2000×.
Th e number of attached cells on nanofi brous mats 
was counted with a Neubauer chamber (Hecht As-
sistent, Sondheim, Germany). Th e nanofi brous mats 
were carefully washed with PBS and then treated 
with a sterile trypsin/EDTA (ethylenediamine 
tetraacetic acid) solution (biowest, Nuallié, France), 
digesting the cell-matrix interaction, which results 
in cell detachment. Aft er 5 min incubation at 37 °C, 
the trypsinization was stopped by diluting the fl uid 
with a culture medium. A 50 μl cell suspension was 
mixed with 50 μl trypan blue (a vital stain used to 
colour the dead cells blue) and the cells were count-
ed with a Neubauer chamber.

3 Results and discussion

Th e sterilization test (Figure 1) revealed a colour 
change of the medium in the wells in which the 
ozone-sterilized specimens were placed. Th e medi-
um contained phenyl red, a pH indicator. At neutral 
pH, phenyl red displays a pink colour. When the pH 
is lowered, the colour of the indicator changes to 
yellow. In the cell culture technology, this is useful 
since the change in colour indicates that the nutri-
ents are used up by the cells. Here, no cells were 
added to nanofi brous mats. Nevertheless, the colour 
change was observed. Th is can be attributed to the 

highly reactive ozone molecules that produced radi-
cals which were able to react with the fi bres to 
change the pH value of the surrounding medium.
Th is eff ect was only visible directly aft er the addition 
of medium; however, on the following day, all wells 
displayed the same colour as shown here for the not 
ozone-treated nanofi brous mats, without changing 
the medium. Th e medium contained a carbonate buff -
er system. Since the incubation took place in a CO2 
atmosphere (7.5%), all pH values changed to the same 
level. It should be mentioned that in the following test 
series in which all nanofi brous mats were washed with 
high-purity water before the sterilization, this fi nding 
was only slightly visible, indicating that either DMSO 
or pure gelatine, which could be washed off , was re-
sponsible for the eff ect. Shorter ozone treatment dura-
tions also reduced this eff ect signifi cantly.
Next, the infl uence of the sterilization processes and 
the culture medium on the nanofi brous mat morphol-
ogies was tested by CLSM imaging. Figure 2 shows a 
PAN/gelatine nanofi brous mat before the sterilization, 
with typical fi bre diameters in the range 400–800 nm 
for both gelatine concentrations, with several thicker 
fi bres on the surface, which were dissolved at higher 
temperatures, indicating that they mostly consisted of 
gelatine, while former stabilization test series indicat-
ed that most fi bres contained a blend of PAN and gel-
atine, which was water-stable [10]. Figure 3 depicts 
the results aft er the sterilization with diff erent meth-
ods and immersion in a culture medium.

Figure 2: CLSM image of PAN/gelatine nanofi brous 
mat with 10% gelatine aft er electrospinning; scale bar 
indicates 20 μm

Firstly, it was clearly visible that the hot air treat-
ment and autoclaving changed the morphology of 

Figure 1: Sterilization test, photograph taken on day 
0; four wells were incubated without fi bre mats as 
control (“no fi bres”)

Ozone (60 min)

Hot air (180 °C, 30 min)
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Autoclave (121 °C, 20 min)
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o 
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Sterili-
zation 

technique
Aft er sterilization Aft er culture medium

Ozone 
(60 min)

Hot air 
(180 °C, 
30 min)

UV (4 h)

Autoclave 
(121 °C, 
20 min)

Figure 3: CLSM images of nanofi brous mats taken aft er sterilization and aft er following immersion in culture 
medium; scale bars indicate 10 μm

10 μm 10 μm

10 μm

10 μm

10 μm

10 μm

10 μm

10 μm



83

Tekstilec, 2019, 62(2), 78-88

Sterilization of PAN/Gelatine Nanofi brous Mats for Cell Growth

fi bres. In both cases, gelatine was molten and aft er-
wards solidifi ed again, as described above. A higher 
temperature used for autoclaving seemed to slightly 
reduce the viscosity of the molten gelatine and cor-
respondingly increased its spreading over the near 
environment before the re-solidifi cation.
Th is could be expected since gelatine was shown to 
start melting at the temperatures around 32–40 °C 
[33], the temperature range which was exceeded in 
both processes. It should be mentioned that during 
the cell cultivation at 37 °C, gelatine could also be as-
sumed to be molten. In addition, similar changes 
were visible in parts with UV-sterilized nanofi brous 
mats, which could be attributed to the hot UV lamp 
positioned very close to the samples, resulting in the 
temperature on the sample surface of about 32–36 °C, 
as measured with a thermal camera.
Aft er the ozone treatment, the relatively thick, long 
gelatine fi bres could clearly be distinguished from 
the PAN or PAN/gelatine fi bres. Previous research 
revealed that in most fi bres, PAN and gelatine were 
mixed [14]; however, in all cases, pure gelatine fi bres 
were also found in PAN/gelatine nanofi brous mats 
as visible in the confocal laser scanning microscope 
images aft er the stabilization of fi bre blends. In these 
former test series, PAN/gelatine nanofi bre mats were 
stabilized at diff erent temperatures and heating rates, 
resulting in a clear colour diff erentiation between the 
aft erwards brown PAN and the silvery gelatine. Th is 
enabled distinguishing between both materials opti-
cally, instead of using chemical microscopic meth-
ods. Th e morphology of these nanofi brous mats was 
not diff erent from the one of the original mat.
Aft er the incubation of the ozone treated nanofi -
brous mat in a culture medium, the thickest fi bres 

were still visible, underlining that they contained 
PAN as well, since pure gelatine fi bres would be ex-
pected to dissolve in an aqueous culture medium.
Aft er the general proof that these sterilization meth-
ods were applicable to PAN/gelatine nanofi brous mats, 
shorter treatment times (in the case of ozone and UV 
sterilization) or lower temperatures (in the case of hot 
air sterilization) were investigated. In the following 
cases, contaminations occurred, namely at 15 min of 
ozone treatment (1 of 5 samples was contaminated), 
60 °C heat treatment (6 of 10 samples), 2.5 h of UV 
treatment (2 of 10 samples), 2.0 h of UV treatment (1 
of 10 samples), 1.5 h of UV treatment (1 of 10 sam-
ples) and 1 h of UV treatment (2 of 10 samples).
Th ese numbers of contaminated samples exhibited that 
only for the heat treatment at 60 °C, the sterilization 
did not work for most samples. In other cases, nanofi -
brous mats were sterilized at high percentage. While 
this clearly shows that autoclaving – as the standard 
method – is still preferable in terms of sterility, the 
ozone and UV treatments resulted in signifi cantly bet-
ter maintaining of the nanofi bre structure and they can 
thus be assumed to be more eligible with respect to cell 
growth. While the sterility in the range of 90% is inac-
ceptable for medical purposes, it may be tolerable for 
basic research on cell cultures. For the special applica-
tion of nanofi brous mats for cell growth and cell adhe-
sion, the statistical sterilization success and the dimen-
sional stability of nanofi brous mats have to be balanced. 
Future investigations will examine the statistical sterili-
zation success of these milder treatments in detail.
For the fi nal cell culturing experiments, the original 
sterilization temperatures and durations, respec-
tively (Figure 3), were adopted. Figure 4 depicts ex-
emplarily one experiment in which CHO DP-12 

Figure 4: 6-well plate with ozone-sterilized nanofi brous mats (10% gelatine) in culture medium (only medium 
in lower right well as reference) with CHO DP-12 cells, (a) start of cultivation, (b) end of cultivation at day 5

a) b)
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cells were cultivated on ozone-sterilized nanofi -
brous mats containing 10% gelatine. Similar results 

were gained with 5% gelatine content; a quantitative 
comparison is given later on.

Figure 5: CLSM images of CHO DP-12 cells on diff erent areas of ozone-sterilized PAN/gelatine nanofi brous 
mats; scale bars indicate 20 μm

Ozone Ozone

Autoclave

Hot air

Autoclave

UV

Figure 6: CLSM images of CHO DP-12 cells on diff erent areas of PAN/gelatine nanofi brous mats sterilized with 
diff erent methods; scale bars indicate 20 μm
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Firstly, diff erent colours at the end of cultivation in-
dicate that the cell growth occurred unequally in 
diff erent wells. Th e colour change is based on the 
change in the pH value, as discussed before in the 
case of ozone-treated samples. Here, however, the 
nutrient consumption of cells resulted in this pH 
change, indicating that the wells where the colour of 
the medium changed to yellow will show the high-
est cell concentration. Comparing the reference well 
(lower right) with the others, the cell growth seems 
to be reduced on ozone-sterilized nanofi brous mats.
Figure 5 depicts the CLSM images of CHO DP-12 
cells on ozone-sterilized nanofi brous mats with 10% 
gelatine. Th e small, round cells seem to be only 
punctually adhered, while the larger bluish zones 
show fl attened adherent cells where the cytoplasm 
spread over a larger area. Non-adherent and punc-
tually adhered CHO DP-12 cells have dimensions of 
approximately 12–17 μm, while the adhered cells in 
the control wells were measured to have the lengths 
of approx. 65 μm due to their fi broblast-like mor-
phology (not shown).
In the same way, the other three sterilization meth-
ods were examined. Figure 6 shows the CHO DP-12 
cells on some of these sterilized nanofi brous mats. 
While the hot air treatment mostly showed small 
and thus poorly adhered cells, good cell attachment 
was achieved by autoclaving.
Interestingly, in the case of UV sterilization, partly 
only a very fi ne blue layer was visible which may be 
the cell residues or cell products which are embed-
ded in the nanofi brous mat and fi xed by the glyoxal 
solution.
Th ese CLSM images suggest that autoclaving is the 
best sterilization technology for the growth of CHO 
DP-12 cells on PAN/gelatine nanofi brous mats.
To quantitatively examine this question, adherent 
cells on PAN/gelatine nanofi brous mats with 5% 
and 10% gelatine were detached by trypsin and sub-
sequently counted using a Neubauer chamber. Th e 
results are depicted in Figure 7. It should be men-
tioned that the cell counting with a Neubauer cham-
ber is usually assumed to have the statistical uncer-
tainty of 20%; this value was used for the error bars.
Firstly, on the nanofi brous mats with 10% gelatine, 
slightly higher cell concentrations were found. How-
ever, as the error bars indicate, this tendency is not 
signifi cant.
For both gelatine concentrations, ozone gave the 
worst results, which might be related to the observed 

pH change in the culture medium, suggesting chem-
ical changes in the nanofi brous mat, which appar-
ently suppressed the cell growth. Th is fi nding fi ts 
well with the observation in Figure 5, showing only 
few cells on ozone-treated nanofi brous mats. While 
Figure 6 suggested that autoclaving would be the 
ideal sterilization method, the cell counting revealed 
that the hot air sterilization worked even better. 
Comparing the respective images in Figure 6, one 
possible explanation is that during the cell counting 
with a Neubauer chamber, larger and smaller cells 
are counted in the same way, while the adherent cells 
cover larger areas on nanofi brous mats and thus give 
the impression that more cells are grown on auto-
claved nanofi brous mats. Another explanation could 
be that the cells were not fully detached by trypsini-
zation on autoclaved nanofi brous mats due to tighter 
binding.

Figure 7: Cell numbers aft er 4 days of cultivation on 
diff erently sterilized nanofi brous mats, counted with 
Neubauer chamber aft er trypsinization (N = 2)

Combining all fi ndings presented in this study, it 
can be concluded that the heat treatment methods, 
i.e. hot air and autoclaving, are preferable to chemi-
cal methods, i.e. ozone treatment, or physical meth-
ods, i.e. UV irradiation. One possible explanation 
for this fi nding is the partial melting of gelatine dur-
ing the heat treatment that creates larger areas in 
which more gelatine is exposed on the surface of 
nanofi bres, making it accessible to cells for attach-
ment; an eff ect which would even be visible to a cer-
tain extent in UV-treated nanofi brous mats due to 
the heat development of the UV source, as de-
scribed above. Th is idea corresponds to the tenden-
cy towards slightly larger cell concentrations on na-
nofi brous mats with higher gelatine content and 
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previous fi ndings of a student project (unpublished) 
that the CHO DP-12 cells do not grow at all on pure 
PAN nanofi brous mats.

4 Conclusions and outlook

PAN/gelatine nanofi brous mats were prepared by 
needleless electrospinning and sterilized using 
ozone, hot air, UV irradiation and autoclaving. 
While the hot air treatment, even at only 60 °C, and 
autoclaving melted gelatine and thus changed the 
morphology of nanofi brous mats, the ozone sterili-
zation suggested a change in the nanofi brous mat 
chemistry. Unexpectedly, the degree of gelatine 
melting at high temperatures seemed to correlate 
with the cell attachment, resulting in the hot air 
treatment showing the best cell growth, while the 
ozone sterilization (the only method without a ther-
mal component) resulted in the poorest cell growth. 
For all sterilization methods, the cell growth and at-
tachment on PAN/gelatine blends is possible, oppo-
site to pure PAN nanofi brous mats, as shown by 
previous experiments.
Th ese fi ndings suggest further chemical examina-
tions, especially of the ozone treated samples, as 
well as an optimization of the electrospinning proc-
ess to include more gelatine in nanofi brous mats. 
Finally, diff erent temperature treatments in a broad-
er temperature range will be investigated to opti-
mize the cell growth conditions.
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1 Introduction

Th e normal time for the wound healing process is 
about 2–3 days to some months, depending on the 
depth of the wound and the chronic condition. Th e 
healing of chronic wounds can take from a few 
months to several years. Th e classic wound dressing 
oft en has a poor fi t; it is stiff  and relatively hard, 

whereas wound dressings from nanofi brous mats are 
extremely thin and fl exible. Th is type of nanofi brous 
mats has a breathable and water-absorbing eff ect, and 
can perfectly adapt to the wound geometry due to its 
high fl exibility and soft  surface wound dressing.
Th e process of modern drug delivery faces challeng-
es, e.g. low solubility, bioavailability or targeted de-
livery of drugs with limited duration. Electrospun 
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Abstract
Skin is an important part of the human body. Its function is to control the body’s homeostasis mechanism. 

If a skin injury occurs, it is of utmost importance to heal the skin as soon as possible. The currently available 

medical treatment system, however, has limited eff ectiveness on the regeneration of the structure and func-

tion of the injured skin, potentially causing wound infections and dehydration. The corresponding impact 

on the healing process may in the worst case also be fatal. To overcome these problems in wound dressing 

materials, nanofi brous mats are excellent candidates for wound treatment and management. Such wound 

dressings can be found in biomedical applications not only in drug delivery, but also as antibacterial and 

antimicrobial materials, and as materials for the regeneration and repair of tissue or organs. The large sur-

face-area-to-volume ratio is one of the unique properties of nanofi brous mats. This paper gives a brief over-

view of possible materials and applications of nanofi brous mats for wound dressing.

Keywords: wound dressing, electrospinning, drug delivery, nanofi brous mats

Izvleček
Koža je pomemben del človeškega telesa. Njena naloga je nadziranje mehanizma homeostaze človeškega orga-

nizma. Če se koža poškoduje, je zelo pomembno, da jo čim prej zdravimo. Obstoječi sistem zdravljenja ne zagotav-

lja učinkovite obnove strukture in funkcije poškodovane kože, kar lahko vodi v okužbe ran in dehidracije, ki je lah-

ko v najslabšem primeru tudi usodna. Za odpravo omenjenih težav pri sodobnih oblogah za rane so 

nanovlaknaste koprene odlična možnost za zdravljenje in oskrbo ran. Takšne nanovlaknaste koprene se lahko upo-

rabljajo tudi v biomedicinske namene, ne le kot transdermalni obliži, temveč tudi kot protibakterijska in protimi-

krobna sredstva ter kot materiali za regeneracijo in obnovo tkiv ali organov. Ena od edinstvenih lastnosti nanovlak-

nastih kopren je njihovo veliko razmerje med površino in prostornino. V članku je podan kratek pregled materialov 

in možnosti uporabe nanovlaknastih kopren pri oblogah za rane.

Ključne besede: gaza, elektropredenje, doziranje zdravil, nanovlaknaste koprene
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nanofi brous mats can overcome these problems [1, 
2]. Th eir high surface-to-volume ratio enables im-
proved interactions with the environment, making 
them promising for wound care, drug delivery and 
biotechnology applications. Nanofi bres can thus be 
used for biomedical applications such as tissue en-
gineering, wound healing processes and targeted 
drug delivery systems [3–9].
According to the results of several research groups, 
nanofi brous mats have the ability to absorb large 
concentrations of wound exudates without causing 
infections, and release anti-microbial and anti-in-
fl ammatory agents. Nanofi brous mats have been 
shown to be ideal candidates for modern and effi  -
cient wound treatment, and wound care. Being pro-
duced eff ectively and inexpensively in an electro-
spinning process, they off er a multi-promising 
strategy for modern wound treatment [10–13].
Nanofi bres can be electrospun from natural or syn-
thetic polymers such as polysaccharides, collagen, 
keratin, silk, tubulin, actin, cellulose, polyacryloni-
trile (PAN), poly(lactic acid) (PLA), poly(L-lactic 
acid) (PLLA), acrylonitrile butadiene styrene (ABS), 
poly(lactic-co-glycolic acid) (PLGA), polyurethane 
(PU), polyvinyl alcohol (PVA), polycaprolactone 
(PCL), polymethyl methacraylate (PMMA), chi-
tosan, fi brin, poly(ethylene glycol) (PEG), gelatine, 
casein and alginate. Th ese and many other polymers 
are known in tissue engineering and are applicable 
in wound dressing [14–25].

2 Electrospinning techniques

Electrospinning is a technology which can be used to 
produce continuous ultrathin nanoscale fi bres or fi -
bre mats composed of fi bres with the diameters in 
nanometre range [26–31]. Ultrathin fi bres can be 
produced easily using this technology from multi-
tude of materials, e.g. polymers, polymer composites, 
inorganic [32] or inorganic/organic [33] materials, 
or even ceramics [34]. Th ese types of nanofi bres are 
especially useful in the applications which necessitate 
large surface areas, such as promotion of cell growth 
in biomedical applications, catalysers, novel fi lter 
materials, medical wound dressings etc. [35–37].
Electrospinning processes can be performed in two 
slightly diff erent ways, i.e. using needle-based or 
needleless electrospinning techniques (Figure 1). 
Electrospinning with a needle is a simple process 
which depends on a high voltage power supply with 
adjustable control, a polymer solution reservoir (e.g. 
a syringe with a small diameter needle) with or with-
out a control pump and a metal collecting screen. 
Th e spinnable polymeric solution is put into a reser-
voir with a metal needle or tip and connected to a 
power supply, enabling the formation of a charged 
polymer jet. Th e conductive collecting screen the 
nanofi bres are deposited on can either be a station-
ary plate or a rotating platform or substrate. Th e 
plate can be used to manufacture non-woven na-
nofi brous mats, while the rotating platform can be 
used to prepare both randomly oriented and aligned 
fi bres. With a vertical and a horizontal orientation, 
two standard electrospinning setups are available. 
Th ree essential operating parameters play a decisive 

Figure 1: Basic set-up for (a) needle based and (b) needleless (Nanospider) electrospinning

a) b)
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role: namely the solution parameters, process pa-
rameters and environmental parameters [38, 39].
Needleless electrospinning is a technical process 
that allows electrospinning of nanofi bres directly 
from an open liquid surface in a self-organized way. 
Th e fi bre quality and productivity of spinnerets play 
the most important roles in needleless electrospin-
ning. Th ese spinnerets are connected with a high 
voltage power supply and a dosing unit for the spin-
ning solution. Spinnerets for needleless electrospin-
ning can be divided into two types, i.e. rotating or 
stationary spinnerets according to the working 
states. Th e rotating spinnerets can transfer mechan-
ical vibration to the polymer solution, which results 
in establishing jets, mostly working continuously. 
An auxiliary force (e.g. a magnetic fi eld, gravity or 
gas bubbles) is mostly used to establish a stationary 
spinneret in the electrospinning process.
Separated solution containers are used for the spinning 
solutions for roller and cone electrospinning. Th e 
whole process can be described by the following four 
steps: fi rst, a thin layer of a polymer solution is set up 
on the spinneret surface which is immersed in the so-
lution and rotated, and then, the rotation helps to cre-
ate conical spikes on the solution surface. Aft er that, by 
applying high voltage, the spikes concentrate the elec-
tric forces to create Taylor cones. Finally, jets spread 
out of the Taylor cones and produce fi bres [40–42].
Especially “green” electrospinning, which avoids 
dangerous solvents, is of high interest in research 
nowadays. To prepare such nanofi brous mats, dif-
ferent (bio-)polymers can be electrospun from 
aqueous or other non-toxic solutions.

3 Electrospinnable polymer  
 materials for wound dressing  
 applications

Frequently used polymers which are spinnable from 
non-toxic or low-toxic solvents are, for example, 
polyacrylonitrile (PAN, spinnable from dimethyl 
sulfoxide, DMSO) and poly(ethylene glycol) (PEG, 
spinnable from water) [43–45]. PEO and PVA are 
oft en used as the spinning agent for materials which 
cannot form fi bres solely [46].
Th ere are some other water-soluble polymers which 
have additionally interesting specifi c properties. 
Poloxamers (poly(oxyethylene-b-oxypropylene-b-
oxyethylene)) can be used in blends with other pol-
ymers for drug delivery, skin tissue engineering or 
wound healing [47].
Dextran (carbohydrate gum formed by the fermen-
tation of sugars and consisting of polymers of glu-
cose) can be used for drug delivery in wound dress-
ings or electrochemical applications in diff erent 
types of blends [48]. PAN, on the other hand, is of-
ten applied for electrospinning as a precursor to 
produce carbon nanofi brous mats [49, 50].
Blends of diff erent polymers are oft en used to pro-
duce multi-material nanofi brous mats [51] with 
new properties. Blending PAN with cellulose ace-
tate can be used to increase the absorption proper-
ties of activated carbon nanofi bres [52]. PAN/gela-
tine blends can be used for the promotion of cell 
growth (Figure 2) [53–55].
In bio-medicine and bio-technology, chitosan and 
sodium alginate have good biocompatible and 

Figure 2: Confocal laser scanning microscope (CLSM) images of (a) PAN/gelatine nanofi brous mat and (b) 
CHO-DP12 (Chinese hamster ovary) cells on PAN/gelatine nanofi brous mat, coloured with methylene blue on 
scale bar indicates 20 μm

a) b)

20 μm 20 μm



92

Tekstilec, 2019, 62(2), 89-100

Review of Possible Applications of Nanofi brous Mats for Wound 

Dressings

non-toxic features, and are both widely applicable 
in the medical sector [56–59]. Moreover, chitosan/
polyaniline composite nanofi brous mats have shown 
anti-bacterial properties and were found to be capa-
ble of accelerating wound healing processes [60].
PEO blended with alginate was used to prepare scaf-
folds by electrospinning to support human dermal 
fi broblast cell attachment. Nanofi bre scaff olds were 
found to promote tissue cell adhesion and enable 
encapsulation of drugs [61, 62].
Chronic wound care products were improved using 
chitosan (PEO)/silica [73] and polyvinyl alcohol 
(PVA) blended with chitosan. Similarly, PVA/chi-
tosan nanofi bres, as well as collagen/PEO wound 
dressings were shown to have high moisture vapour 
transmission characteristics, good antimicrobial 
function and no cytotoxic eff ects [64–66].
Generally, nanofi brous mats can serve as a base for 
therapeutic agents or can accelerate chronic wound 
healing processes [67, 68]. A new generation of 
wound dressing can also be produced by electro-
spinning materials with high moisture absorption 
and anti-bacterial eff ects, including elements like 
zinc or copper alginate. Th ese types of wound dress-
ings contain bioactive elements, such as antimicro-
bial, anti-bacterial and anti-infl ammatory agents, 
which can be released to wounds to improve their 
healing process [69]. Alternatively, it is even possi-
ble to electrospin fi bres including commensal bac-
teria for medical purposes [70].
PVA/BS nanofi bres have shown large potential for 
drug delivery, tissue engineering and tissue repair 
substitute properties in wound dressing [71]. PU/
chitosan has been examined as well, showing prom-
ising features for wound dressing applications simi-
lar to many other biopolymer blends, e.g. blends 
with starch or silk [72–75].
One of the most suffi  cient biodegradable substances 
in nature is cellulose, which is widely applicable in 
the electrospun nanofi brous mats production [76–
78]. It can be produced from certain bacterial spe-
cies by fermentation. However, it is traditionally ex-
tracted from plants. Bacterial cellulose (BC) is 
extracted mainly from microorganisms belonging 
to the genera Gluconacetobacter. BC is widely used 
in biomedical applications, e.g. in drug delivery and 
tissue engineering [79]. It can be used to decrease 
pain and accelerate granulation, supporting a per-
fect wound healing process. It is also useful in the 
creation of a moist environment at the wound area 

and absorption of exudates. Furthermore, it can 
prevent microbial infections [80].
Bacterial cellulose-alginate nanocomposites were 
successfully produced by nanotechnology and they 
showed excellent antibacterial activity [81, 82]. Th e 
synthesis of BC/chitosan or chitosan/gelatine com-
posites with high mechanical reliability and anti-
bacterial activity was investigated by diff erent re-
search groups [83–87]. Similarly, chitosan blended 
with metallic nanoparticles has an eff ect on the mi-
crobial activity and wound healing [98].
Th e reductions of infl ammatory cells and mostly 
closed capillary lumens have been investigated by 
diverse research groups, using silver nanoparticles 
in diverse polymer matrices [89–97].
Another investigation showed strong antibacterial 
and anti-infl ammatory characteristics of silver nano-
particles [98]. Co-electrospinning of polyurethane 
and keratin which can be extracted, e.g. from hu-
man hair and fi xed with silver nanoparticles, results 
in PU/keratin/Ag composite mats of nanofi bres. 
Th ese nanofi brous mats showed very good cell via-
bility and antibacterial properties, and were thus 
able to promote wound healing [99]. Similarly, PU 
or nylon nanofi bres with silver nanoparticles 
showed excellent antimicrobial properties [100].
Polyurethane-cellulose acetate-zein composite na-
nofi brous mats were found suitable for drug deliv-
ery and to have good antibacterial bio-active wound 
recovery characteristics [101].
Polylactic acid (PLA) nanofi bres with Fe3O4-COOH 
have strong antibacterial and drug delivery activi-
ties for wound dressings and other biomedical ap-
plications [102]. PLA/CNC/PEG composite nanofi -
bres showed therapeutic drug release properties and 
allowed for controlling long-time drug delivery in 
wound dressings [103]. Spirulina extract-alginate 
PCL and PCL-gelatine nanofi bres were also found 
to show excellent wound care properties, especially 
for tissue regeneration [104–106].
Collagen is a widely used natural polymer substance 
for biomedical applications [107, 108]. It has gained 
broad clinical and consumer adoption as a secure 
material. To architecturally imitate the skin struc-
ture, nonwoven nanofi brous mats from collagen can 
be applied in wound healing processes which are typ-
ically produced by electrospinning. As a major fi -
brous protein in the extracellular matrix (ECM), col-
lagen plays an important role in maintaining the 
biological and structural integrity of ECM [109, 110]. 
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For the cell attachment, proliferation and diff erentia-
tion, nonwoven collagen nanofi brous mats are of ut-
most importance. Moreover, these collagen nanofi -
brous mats are designed to induce platelet adhesion 
and aggregation to increase the congealing, which is  
favourable in wound dressing applications for the im-
provement of cell adhesion and proliferation [111].
Carboxymethylcellulose (CMC)/dextran hydrogels 
were activated with a gallium bio-glass and can be 
applied to reduce cancer cell viability particularly 
for high Ga contents in the bio-glass. CMC hydro 
gels cross-linked with oxidized dextran or alginate/
CMC were found to signifi cantly support the wound 
healing and skin regeneration [112].

4 Conclusion

A remarkable improvement has been gained in the 
development of therapeutic approaches to be used 
in the treatment of chronic wounds. Among the de-
veloped types of wound dressings, electrospun na-
nofi bres are taken into consideration as one of the 
most eff ective wound dressing materials for the near 
future. Th ey show a high surface area to volume ra-
tio as well as a porous structure that improves home-
ostasis, prevents infections, absorbs exudates, ena-
bles gas permeability and cell adhesion, migration, 
proliferation and properly targeted drug delivery.
Several functionalization methods can be used to 
improve the surface properties of nanofi bres or to 
produce nanofi bres for carrier-based drug delivery, 
e.g. with blending electrospinnable polymers with 
diverse nanoparticles. Combining the intrinsic 
properties of diverse (bio)polymers with additional 
functions added in this way, electrospun nanofi -
brous mats belong to the most promising candidates 
for improved wound management.
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1 Introduction

Colloids are fi nely divided particles distributed in a 
dispersion medium. Th e diameter of particles rang-
es from around 10 nm to 10μm [1]. Many of these 

colloids (viruses, bacteria and protozoan parasites) 
in surface water pose a risk to public health [2]. Nu-
merous processes are available for the removal of 
these colloids, which is achieved using an attach-
ment mechanism. Filtration through porous media 
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Abstract
Filtration through the porous media of a granular bed is one of the oldest and most favourable particle sep-

aration techniques used universally for the treatment of water. In the case of fi ltration through a granular bed, 

all physical factors are incorporated into a single collector contact effi  ciency. The latter is the ratio of the rate 

at which particles strike the collector to the rate at which particles fl ow towards the collector. On the other 

hand, collision or attachment effi  ciency represents the chemical interaction between the media used and 

colloids, and is expressed as the ratio of the number of particles removed by the collector to the number of 

particle collector collisions, or the possibility that a collision in an attachment. Textile media is emerging as a 

substrate in deep bed fi ltration due to its superior performance in the removal of colloidal particles from wa-

ter under higher fi ltration velocities compared with granular media. Reported studies relating to the eff ect 

of physicochemical factors on colloidal removal in textile fi brous media are mainly based on the experimen-

tal value of the concentration variation of colloidal particles in input and output water. Presented in this pa-

per is a way in which colloidal fi ltration theory can be extended to textile fi lter media in order to explain the 

mechanism of attachment of colloids (primarily bacteria) on a textile fi brous media surface.

Keywords: textile fi lter, single collector contact effi  ciency, collision effi  ciency, hydrophobicity, pore size, sur-

face charge

Povzetek
Filtracija skozi porozni medij z zrnatim slojem je ena najstarejših in najboljših tehnik ločevanja delcev, ki se uporablja-

jo za obdelavo vode. Pri fi ltraciji skozi zrnati sloj so vsi fi zikalni dejavniki vključeni v učinkovitost stika z enojnim fi ltracij-

skim medijem. Ta pomeni razmerje med hitrostjo, s katero se delci nabirajo na fi ltracijskem mediju, in hitrostjo, s kate-

ro se delci pomikajo proti fi ltracijskemu mediju. Po drugi strani pa je trk oziroma učinek pritrditve kemična interakcija 

med uporabljenim medijem in koloidi, izražena kot razmerje med številom delcev, ki jih je medij odstranil, in številom 

trkov ob fi ltracijski medij oziroma možnostjo za takšen trk. Tekstilni medij se manifestira kot nosilec fi ltracijskega glo-

binskega sloja zaradi svojih odličnih zmogljivosti pri odstranjevanju koloidnih delcev iz vode pri višjih hitrostih fi ltracije 

v primerjavi z zrnatimi mediji. Študije, ki se nanašajo na učinek fi zikalno-kemijskih dejavnikov na odstranitev koloidnih 

delcev v tekstilnih vlaknatih medijih, temeljijo predvsem na eksperimentalni vrednosti variiranja koncentracije koloidnih 

delcev v vstopni in izstopni vodi. V prispevku je predstavljen način, kako lahko teorijo koloidne fi ltracije razširimo na tek-

stilne fi ltrne medije, da pojasnimo mehanizem pritrditve koloidov (predvsem bakterij) na tekstilno vlaknato površino.

Ključne besede: tekstilni fi lter, učinkovitost stika z enojnim fi ltracijskim medijem, učinkovitost trka, hidrofobnost, ve-

likost por, površinski nabo
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is an eff ective process for the removal of colloids 
from surface water using an attachment mechanism 
[3]. Signifi cant eff orts have been made by a number 
of researchers in the development of colloidal fi ltra-
tion theory (mainly sand, glass bed, etc., as men-
tioned in theory) based on the physicochemical in-
teraction between colloids and media [4−6]. Th e 
main limitations in granular media are the capacity 
to retain colloidal particles within the pore spaces 
and a low fi ltration rate [7]. However, granular fi l-
tration theory is well developed based on the physi-
cochemical interaction of the bed and colloidal par-
ticles. Textile materials have emerged in recent years 
as a substrate that can be used as fi lter media for the 
removal of colloidal particles from surface water us-
ing an attachment mechanism [8]. Superior per-
formance in the removal of colloidal particles from 
water can be achieved by textile fi brous media un-
der fi ltration velocities that are ten times higher 
than granular media [9].
Th ere are several varieties of textile fi bre available on 
the market that can be used as fi lter media. However, 
the effi  cient removal of colloidal particles from sur-
face water using a textile fi lter relies heavily on the 
type of fi bres used as fi ltering media. Most textile fi l-
tration research is based on the eff ect of the shape, 
size, thickness, hydrophobicity and surface charge of 
textile media on fi ltration effi  ciency [10]. Th ese fac-
tors of textile fi brous media fi lters are similar to the 
physicochemical factors of granular media that serve 
as the basis of an attachment mechanism. A quantita-
tive analysis of textile fi brous media may be possible 
by extending the physicochemical interaction con-
cept of granular media. Th e physicochemical factors 
of textile materials, such as shape, size, surface charge, 
the hydrophobicity of fi bres, and media thickness 
and colloidal properties, determine the strength of 
colloidal-fi brous media physicochemical interactions 
[11]. Presented in this paper is a potential way to ex-
tend colloidal fi ltration theory to textile fi brous me-
dia in order to explain the mechanism of attachment 
of colloids (bacteria) on a textile media surface.

1.1 Filtration theory
Bacteria attachment in porous media as predicted by 
colloid fi ltration theory provides a model for deter-
mining the physical and chemical factors of particle 
retention in porous media. Physical controls over 
bacteria attachment in porous media depend on the 
geometry of the porous media, as well as bacteria. 

Th e number of potential contacts of particles with a 
surface can be estimated based on a physical mecha-
nism. Th is, in turn, facilitates the determination of 
the attachment of particles in porous media, which 
depends on the chemical forces aff ecting adhesion 
and repulsion [12].
Particle removal in a packed bed in a constant state 
using an attachment mechanism can be described 
using one-dimensional fi ltration equation 1 [13].

dC
dL  = – 3

2  
(1 – f)

dc
 ηC (1)

where C is particle concentration (in number of bacte-
rial per unit volume), L is the thickness of the fi lter 
bed, (1–f) is the solid fraction, η is the single collector 
contact effi  ciency and dc is the collector diameter. In-
tegration of the thickness of the packed bed yield is 
given in basic fi ltration equation 2.

Fp = C
C0

 = exp �3 (1 – f)
2dc  

Lη�  (2)

Where Fp is fractional penetration and this is an in-
dicator of the balance between cell adsorption and 
desorption.
Physical factors that account for particle collisions 
with porous media are incorporated into the single 
collector contact effi  ciency (η). Th e single collector 
contact effi  ciency of a single media particle or col-
lector (η) is a ratio, i.e. the rate at which particles 
strike the collector to the rate at which particles fl ow 
towards the collector.
Numerous analytical solutions have been used to 
specify the single collector contact effi  ciency for fi l-
tration through granular media. Primarily transport 
mechanisms are used to develop the model for the 
theoretical calculation of single collector contact ef-
fi ciency.
Th e Yao model, represented by equations 3−5 de-
scribing deep bed fi ltration for liquid fi ltration, were 
proposed by Logan et al. [14]. Single collector con-
tact effi  ciencies for this model are based on spheri-
cal collectors.

ηD = 4Pe–2/3 (3)

ηI = 3
2 R2 (4)

ηG = G (5)

Here, ηD, ηI and ηG represent theoretical values for 
the single collector contact effi  ciency when the sole 
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transport mechanisms are diff usion, interception, 
or sedimentation, respectively. Single collector con-
tact effi  ciency calculated numerically can be ap-
proximated by the sum of analytical equation 6. In 
other words:

η0 = ηD + ηI + ηG (6)

Single collector contact effi  ciencies are a dimension-
less number and are developed from correlations 
using equations 7−9.

Pe = U0dc
D  (7)

R = 
dp
dc  

(8)

G = 
Up
U0  (9)

Where Pe is the peclet number, R and G are inter-
ception and gravitational numbers, U0 and Up are 
fi lter super facial velocity (L/T) and particle settling 
velocity (L/T), D is particle diff usivity (L2/T), dp is 
the particles diameter and dc is the collector diame-
ter. Th e particle settling velocity is obtained using 
equation 10.

Up = 
g(pp – pf)dp

2

18ϑpf 
 (10)

μ and ϑ, dynamic and kinematic viscosity (M L–1 T–1) 
of fl uid g is the gravitational constant (L/T), where pp 
and pf the particle and fl uid density (M/L3). Th e par-
ticle diff usivity is obtained using the Stokes-Einstein 
equation (equation 11).

D = kT
3πμdp

  (11)

where k (M L2 T–2 K–1) is Boltzmann’s constant and 
T (K) is the absolute temperature.
Th e quantitative assessment of bacterial attachment 
to a collector surface is carried out by determining 
the collision effi  ciency (attachment) factor (α), and 
is oft en expressed as the ratio of experimental single 
collector effi  ciency (η), calculated using equation 2, 
to the predicted single collector effi  ciency (ηo), cal-
culated using equation 6, or the possibility that a 
collision in an attachment, which is obtained using 
equation 12.

α = η
η0

 (12)

2 Physicochemical factors of textile 

 fi brous media aff ecting the 

 removal of colloidal particles

2.1 Fibre size/diameter
In textile porous media, the attachment of colloids 
on the surface of a fi bre is infl uenced by the fi bre di-
ameter. It has been reported that a lower fi bre diam-
eter will result in the higher removal effi  ciency of 
colloids due to the high specifi c surface area and 
good interconnectivity of pores [15]. Th e mean pore 
size of a fi brous media is highly dependent on the 
fi bre diameter [16]. Eichhorn and Sampson used a 
theoretical model to demonstrate that the fi bre di-
ameter plays an important role in controlling the 
pore size of an electrospun nanofi brous network 
used for water fi ltration [17]. Zhou et al. [18] stud-
ied the removal of colloidal particles in cellulose ac-
etate nanofi bers membranes at diff erent fi bre diam-
eters. Th ey found that membranes with a lower fi bre 
diameter had a higher removal effi  ciency than 
membranes with a higher fi bre diameter. Desai et al. 
[19] studied the bacteria removal effi  ciency of na-
nofi bers fi lter media by varying the diameter of the 
fi bre. Th ey reported that an increase in fi bre diame-
ter resulted in a decrease in fi ltration effi  ciency. It 
has been reported that the fi bre diameter in textile 
fi lter media plays an important role in improving 
fi ltration effi  ciency.

2.2 Fibre shape/cross section
Many studies have been carried out on the eff ect of 
the shape of the fi bre in textile media on colloidal re-
moval in the fi ltration process. A higher projected 
surface area resulting from a diff erent cross-section 
facilitates the probability of capturing colloids parti-
cles. Recently, hollow nanofi ber membranes have 
emerged as substrates for use in liquid fi ltration  [20]. 
Wang et al. [21] found that hollow fi bre membranes 
have excellent intrinsic separation properties due to 
their highly porous and narrow pore size distribu-
tion, which leads to high fi ltration effi  ciency. Fibre 
cross-section could also be considered an important 
factor in colloidal fi ltration in textile fi lter media.

2.3 Fibre media thickness
Th e thickness of the media also aff ects the removal 
effi  ciency of a fi lter. Kaur et al. [22] suggested that 
if a fi brous media is used to separate sub-microns 
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particles, a thicker fi brous layer is required to re-
duce the overall average pore size of the media. A 
higher media thickness is associated with increased 
colloidal removal due to the overlapping of the fi -
bres in the media, resulting in fi ne sized pores, 
which facilitates the trapping of particles [18]. It 
has also been reported that the removal of clay par-
ticles increases with an increase in the thickness of 
the polypropylene fi brous barrier. It was claimed 
that a thicker barrier should provide more chances 
for the interception of clay particles [23−25].

2.4 Fibre hydrophobicity
Th e hydrophobicity of textile fi bres is considered an 
important chemical factor that aff ects colloidal re-
moval in textile fi brous media. Most colloidal parti-
cles are hydrophobic in nature. Hydrophobic inter-
action plays an important role in the effi  cient 
removal of colloidal particles [26]. Th e kinetics of 
the capture of colloidal particles is also determined 
by the magnitude of the hydrophobic interaction 
between particles and collectors. Hydrophobic in-
teraction increases with an increase in the hydro-
phobicity of the fi lter media. Th e hydrophobicity of 
the media is characterised in terms of contact angle 
value [11]. Arnold et al. [27] reported that hydro-
phobicity is directly proportional to the contact an-
gle of water with its surface and inversely propor-
tional to the work of adhesion. Fletcher et al. [28] 
found a strong positive correlation between the 
number of bacteria attached to the surface and the 

hydrophobic nature of polymers, as determined by 
the contact angle. It is evident in Figure 1 that an in-
crease in the contact angle results in increased bac-
teria attachment. Pringle et al. [29] calculated a low-
er work of adhesion for nylon (98 mJ/m2) than for 
glass (146 mJ/m2). In an experiment with two pseu-
domonas species, it was observed that the attach-
ment of these cells was higher to the nylon fi bres 
than to the borosilicate glass surface because of the 
higher hydrophobicity of the nylon fi bre.

2.5 Fibre surface charge
Th e removal of colloidal particles using relatively wide 
pore size fi brous media can be infl uenced not only by 
sieving parameters (pore size and pore size distribu-
tion) but also by the chemical interaction taking place 
between the colloidal particles and fi brous media [30, 
31]. Cookson et al. [32] reported that attachment is 
brought about by the colloid-media chemical interac-
tion controlled by the surface properties of the respec-
tive materials. Surface charge is one of the most im-
portant surface properties controlling the eff ective 
attachment of colloids on the fi bre surface in textile fi -
brous media. It was reported that a possible mecha-
nism for the removal of smaller-sized colloidal parti-
cles could be the electrostatic attraction between the 
opposite charges of the fi bres and the particles, which 
causes the deposition of particles on the fi bre surface 
[33−35]. Th e fi bre surface charge is characterised in 
terms of zeta potential. It is measured using a stream-
ing potential method on the surface of the fi bres. Th e 
surface charges of fi bres are the result of the disassoci-
ation of fi bre surface groups in an aqueous medium. 
Th e isoelectric point (IEP) is the pH value corre-
sponding to zero zeta potential and is diff erent from 
fi bre to fi bre, depending on the surface properties 
[36]. Kang et al. [33] studied the adsorption of nega-
tively charged nanoparticles on cationic, surfactant-
treated microporous polypropylene fi lters. Th ey re-
ported that fi ltration effi  ciency can be increased from 
10% to 90% through this surface modifi cation. Th is 
can be attributed to the lowering energy barrier be-
tween the particles and fi lter media. Druet et al. [37] 
investigated the removal effi  ciency of heavy metal us-
ing positively charged, chitosan-treated polyethylene 
terephthalate geotextiles. Th ey claimed that the higher 
positive charge of the media at an acidic pH will result 
in higher metal removal effi  ciency. In the desalination 
process based on textile nanofi bers membranes, most 
membranes are characterised by a negative surface 

Figure 1: Relationship between bacteria attachment 
and the water contact angle on materials [28]
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Figure 4: Eff ect of fi bre orientation on single collector 
contact effi  ciency and approach velocity [42]

To quantitatively compare removal effi  ciency with 
diff erent fi bre orientations under identical solution 
conditions, the value of collision (attachment) effi  -
ciency (α) is calculated using equation no. 12, which 
is used in colloidal fi ltration theory. It has been re-
ported that a high fi bre orientation angle may lead to 
the exposure of a greater surface area for the striking 

of bacteria, resulting in high collision effi  ciency. A 
higher collision effi  ciency means higher bacteria at-
tachment, where its maximum value is 1. It is evi-
dent from Figure 5 that an increase in fi bre orienta-
tion results in an increase in collision effi  ciency.

3.2 Eff ect of fi bre mass on bacteria removal 
 effi  ciency
In another study conducted by Roy et al [43] on the 
eff ect of fi bre mass on bacterial attachment, it was 
determined that removal effi  ciency increases with 
an increase in media mass up to a certain level (Fig-
ure 6). Th is is due to the change in single collector 

Figure 5: Collision effi  ciency as a function of the ori-
entation angle [42]

Figure 6: Removal effi  ciency as a function of media 
mass [43]

Figure 7: Collision effi  ciency as a function of media 
mass [43]
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charge to enhance the removal of dissolved salts [38, 
39]. Berg et al. [40] found that the electrostatic repul-
sion force of negatively charged pesticides on the sur-
face of a negatively charged membrane is expected to 
enhance the overall removal effi  ciency. 
Based on the above literature, it can be concluded that 
the physicochemical factors of textile fi brous media 
are identifi ed on the basis of fi ltration effi  ciency, which 
is expressed in terms of the concentration variation of 
colloidal particles in input and output water. Th e ef-
fect of physicochemical factors on the mechanism of 
attachment of colloidal particles, primarily bacteria 
on textile fi brous media, may also be systematically 
investigated by using colloidal fi ltration theory.

3 Selected approaches to the 

 application of colloidal fi ltration 

 theory for textile material

An attempt has been made by a few researchers to 
use colloidal fi ltration theory to explain colloidal re-
moval by an attachment mechanism in textile porous 
media. Dagaonkar et al. [41] used DLVO theory to 
explore the eff ect of solution chemistry on colloidal 
removal in nonwoven polyester fi lter fabric. 
Th ey reported that under unfavourable attachment 
conditions using bivalent salt (CaCl2), removal effi  -
ciency increased from 35% to 62% compared to 
monovalent salt (NaCl), while the removal effi  cien-
cy remain constant at around 38% for the ionic 
strength range of 0 to 100 mM (Figure 2).

3.1 Eff ect of fi bre orientation on bacteria 
 fi ltration
Roy et al [42] investigated the attachment of bac-
teria to fibrous material as a function of fibre ori-
entation to the direction of the liquid flow. Re-
moval trends were explained on the basis of 
colloidal filtration theory. They reported that by 
changing fibre orientation from 0° to 90°, bacte-
ria removal efficiency increased from 30% to 
54.54%, suggesting that the attachment of bacte-
ria on the media surface depends on fibre orien-
tation (Figure 3)

Figure 3: Removal effi  ciency as a function of the fi bre 
orientation angle [42]

It is evident from Figure 4 that single collector effi  -
ciency increases from 1.33×10-2 to 1.39×10-2 by 
changing fi bre orientation from 0° to 90°. Th is is due 
to a decrement in the approach velocity of the fi ltra-
tion system from 3.09×10-3 to 2.01×10-3 m/s. En-
hanced single collector contact effi  ciency by in-
creasing fi bre orientation has therefore been 
attributed to a change in the approach velocity of 
water in the fi ltration system. A potential explana-
tion is that a high fi bre orientation angle may lead 
to the exposure of a greater surface area for the 
striking of bacteria, resulting in high collector con-
tact effi  ciency.

Figure 2: Microsphere removal as a function of ionic 
strength using diff erent types of salts [41]
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contact effi  ciency and attachment/collision effi  cien-
cy, as observed from experimental data regarding 
removal effi  ciency.
It is evident from Figure 7 that changing the media 
mass increases and then decreases collision effi  -
ciency (α).

3.3 Eff ect of diff erent fi brous material on 
bacterial attachment
Many researches have studied the eff ect of diff erent 
media material on bacterial attachment in textile 
fi brous media. Roy et al. [44] reported that nylon 

fi brous media demonstrates a higher removal effi  -
ciency than polyester fi brous media for the same 
solution chemistry (Figure 8). Th e bacteria remov-
al effi  ciency of nylon and polyester fi brous fi lter 
media are explained based on colloidal fi ltration 
theory.
Th e removal and attachment of bacteria on a fi brous 
surface thus increases with an increase in ionic 
strength, which can be attributed to a change in col-
lision effi  ciency. It is evident from Figure 9 that the 
change in collision effi  ciency is higher for nylon 
than for polyester, resulting in a higher removal effi  -
ciency by nylon fi brous media.

4 Conclusion

Th e reported study demonstrated that the fi bre 
orientation of the fi lter media may play an impor-
tant role in bacterial attachment. Bacteria attach-
ment and removal effi  ciency increase with an in-
crease in the fi bre orientation angle. According to 
colloidal fi ltration theory, this is possible due to a 
change in the collision (attachment) effi  ciency of 
the fi brous media. Bacteria attachment and re-
moval effi  ciency increase with an increase in me-
dia mass up to a certain level. It is also evident 
from reported studies that media materials play 
an important role in bacterial attachment in a fi -
brous packed bed.
Th e higher bacteria removal effi  ciency of nylon fi -
brous media than polyester fi brous media is due to 
the higher collision effi  ciency of nylon fi bre (0.24 to 
0.46) than polyester fi bre (0.23 to 0.42) at the ionic 
strength range of 1mM to 150 mM.
Hence, the concept of dimensionless α (attachment 
effi  ciency) or η (single collector contact effi  ciency) 
of a granular media fi lter can be extended to textile 
fi lter media for the purpose of explaining the mech-
anism of attachment of colloids (bacteria) on textile 
fi brous media.
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1 Introduction

At the fi nisher drawframe section in a combed ring 
spinning preparatory, hundreds of storage cans are 

used for sliver storage. Th e main component of a 
sliver storage container, which is also termed as 
the heart of the storage can, is its spring. Th e 
spring stiff ness of these storage cans decreases with 
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Abstract
The cotton ring spinning preparatory is confronting the serious issue of combed sliver handling during sliv-

er storage and processing. Combed sliver is more liable to stretching and failure due to low interfi bre cohe-

sion during the processing on a drawframe and speedframe. The combed sliver quality deteriorates if stored 

in older storage cans of decreased spring stiff ness due to prolonged fatigue loading. The bottom position 

combed sliver processed from older cans results in sliver stretching and sometimes failures at speedframe 

creel due to high inter-sliver coils adhesion with adjacent sliver coils. The study deals with investigating the 

infl uence of the sliver coils position, storage can-spring stiff ness and fi nisher drawframe delivery speed on 

combed cotton yarn unevenness, imperfections, breaking tenacity, breaking elongation and S3 hairiness. 

The experimental work and statistical analysis suggest that the sliver coils position and can-spring stiff ness 

play a vital role in deciding combed yarn quality characteristics.

Keywords: combed sliver, can-spring stiff ness, coils position, storage time

Izvleček
Pri pripravi na predenje prstanske bombažne preje se soočamo s pomembnimi problemi, povezanimi z ravnanjem 

s česanim pramenom med skladiščenjem in predenjem. Zaradi slabe kohezije med vlakni v česanem pramenu 

hitro pride do neželenih nekontroliranih raztegov, predpreja in preja postaneta bolj neenakomerni. Kakovost česa-

nega pramena se poslabša, če ga skladiščimo v starejših loncih z zmanjšano togostjo vzmeti, ki je posledica pre-

utrujenosti materiala. Predelava spodnjih plasti česanega pramena iz starejših loncev lahko vodi do neželenih raz-

tegov in občasno pretrgov pramena na krilniku zaradi povečanega medsebojnega sprijemanja sosednjih ovojev. 

Študija se ukvarja s proučevanjem vpliva položaja ovojev, togostjo vzmeti v loncu in odvajalno hitrostjo raztezal-

nika na neenakomernost česane bombažne preje, količino napak, pretržno trdnost, pretržni raztezek in kosmatost 

preje. Eksperimentalno delo in statistična analiza sta pokazala, da položaj ovojev pramena in togosti vzmeti lon-

cev močno vpliva na končno kakovost bombažne česane preje.

Ključne besede: česani pramen, togost vzmeti v loncu, položaj ovojev, čas shranjevanja
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time due to fatigue loading and surface crack for-
mation [1−2]. Th ese older storage cans of reduced 
spring stiff ness are extensively used in the spin-
ning preparatory in India. In the last few years, 
there has been a growing interest in combed sliver 
handling during sliver deposition and withdrawal 
from storage cans. Moreover, combed sliver han-
dling is an unavoidable quality issue while using 
older storage cans of reduced spring stiff ness for 
combed sliver storage. Older can-springs deform 
more against the applied sliver load as compared 
to new springs due to the can-spring stiff ness vari-
ation. Th e optimum spring pressure should be 
maintained for smoother operations and for fault-
free sliver handling [3]. Furthermore, older can-
springs can deteriorate stored combed sliver quali-
ty caused by sliver stretching during sliver 
deposition and withdrawal at a drawframe and 
speedframe, respectively. Previous studies showed 
that the storage can-spring condition should be 
monitored regularly aft er some prescribed time for 
fault-free roving and yarn [4−7].
Th e fi nisher drawframe machine holds a crucial po-
sition in quality improvement through fi bre align-
ment in sliver and by producing a uniform sliver 
free from thick and thin places [8−10]. Th e im-
proved fi bre alignment in combed sliver is responsi-
ble for low interfi bre cohesion, making combed sliv-
er liable to stretching at the time of sliver deposition 
on a drawframe and during sliver withdrawal on a 
speedframe [11]. Previous research has document-
ed that the fi bre confi guration in combed sliver is 
primarily aff ected by the drawframe speed [12]. Th e 
weight of the sliver is the major source of sliver 
stress during sliver deposition and can achieve 
about one-third of the combed sliver strength in a 
modern high-speed drawframe [13−14]. Th e imper-
fection free combed yarn can be produced at a ring-
frame by feeding consistent quality sliver at a fi nish-
er drawframe machine. For that, we need a correct 
sliver handling system [15−17]. However, to the au-
thors’ best knowledge, very few studies are available 
in the literature that discuss the issue of poor 
combed sliver handling due to improper can-spring 
stiff ness. Previous studies also lack detailed expla-
nations of the cause of variation in combed sliver 
quality at diff erent sliver coils position in a storage 
can. Furthermore, the eff ect of allowing combed 
sliver storage time on the resultant yarn quality has 
not yet been studied. Combed sliver storage time is 

considered as a quality-reducing factor among the 
spinners and is a result of poor preparatory plan-
ning, maintenance loss and power loss.
Hence, a comprehensive study is required to exam-
ine the eff ect of a few imperative sliver storage vari-
ables at a fi nisher drawframe on combed yarn quali-
ty characteristics. Th e present research work is 
focused on studying the eff ect of few scarcely inves-
tigated fi nisher drawframe variables, such as sliver 
coils position, can-spring stiff ness and delivery 
speed, on combed yarn unevenness, imperfections, 
tenacity, elongation and S3 hairiness.

2 Materials and methods
2.1 Material
Combed cotton extra-long variety from the south 
Indian states MCU-5 100% was used to produce 
sliver samples on a twin delivery fi nisher draw-
frame machine. Th e fi bre properties were measured 
using a high volume instrument HVI900-spinlab. 
Th e cotton fi bre specifi cations with 2.5% span 
length were 30.9 mm, fi bre strength 24.61cN/tex 
and fi bre fi neness in micronaire was 4.2, used for 
the combed sliver sample preparation. Th e fi nish-
er drawframe sliver liner density 5.319 ktex was 
processed on a speedframe at the twist multiplier 
1.34 to produce 0.641 ktex roving. Furthermore, 
the roving samples were fed to the ringframe ma-
chine to manufacture 14.22 tex yarn at the twist 
multiplier 4.2.

2.2 Methods
In order to investigate the eff ect of sliver coils posi-
tion, can-spring stiff ness and fi nisher drawframe 
delivery rate on combed yarn quality parameters, 
the three-factor and three-level Box-Behnken de-
sign was used to prepare the combed yarn samples 
to determine yarn unevenness, imperfections/km, 
breaking tenacity, breaking elongation and S3 hairi-
ness index. Th e detail of levels is given in Table 1. A 
suitable randomization and replication technique 
was adopted at the time of sample preparation for 
an eff ective statistical analysis and to reduce the 
chances of error occurrence.

2.2.1 Experimental plan and yarn sample preparation

In order to optimise the number of runs, the Box-
Behnken design was adopted for sample planning 
with coded and real values, as shown in Tables 1 
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and 2. Initially, older storage can-spring stiff ness 
was measured using predetermined dead weights 
and then categorized into three diff erent groups of 
spring stiff ness aft er prolonged scrutiny, as indicat-
ed in Table 2. Spring stiff ness was measured in 
N/m. It is observed that the deformation is higher 
against the applied load in the case of older cans 
compared to the new cans. Th e main cause for 
higher deformation in older cans against applied 
sliver load was a decrease in spring stiff ness due to 
fatigue loading over the years.
Combed drawn sliver samples were deposited in stor-
age cans of diff erent spring stiff ness at 250 m/min, 
400 m/min and 550 m/min delivery rates at the fi n-
isher drawframe machine. In order to assess the 
quality of stored combed sliver at diff erent coil posi-
tions, the top, middle and bottom sliver coils posi-
tion were considered. Each sliver coils position con-
tained an equal length of combed sliver as the total 
length of deposited combed sliver was divided into 
three equal parts, representing each sliver coils po-
sition. In order to access the eff ect of sliver storage 
time, two cases were considered aft er consulting 
with industry experts, i.e. with 8 hours of sliver stor-
age time aft er a full can being ejected from the fi n-
isher drawframe and without allowing any sliver 
storage time or 0 hour storage time.

2.2.2 Yarn testing

Th e yarn sample was conditioned under standard at-
mospheric conditions, in a tropical atmosphere of 
27 °C± 2 °C temperature and 65 ± 2% relative hu-
midity, while the number of readings was determined 
according to the variation in a sample in order to 

achieve a 95% confi dence interval. Appropriate num-
bers of combed yarn samples were tested by calculat-
ing and considering the coeffi  cient of variation in all 
cases. Yarn unevenness and imperfections/km were 
measured on an Uster® Tester 4-S according to ASTM 
D 1425-96. Th e total combed yarn imperfection/km 
was calculated by adding –50% thin, +50% thick and 
+200% neps. Th e Zweigle hairiness index (S3) was 
measured using a Zweigle G565 instrument, consid-
ering the hairiness parameter “S3” (number of hairs 
equal or greater than 3 mm) as per ASTM D 5647-01. 
Yarn breaking tenacity and breaking elongation were 
measured on a Premier TensoMaxx at 500 mm gauge 
length and according to ASTM D 2256-02.

3 Results and discussion

Th e detail of all observed response yarn test results 
is shown in Table 3.

Statistical analysis
Th e infl uence of independent control variables was 
statistically investigated using ANOVA at 95% con-
fi dence level using statistical soft ware. Th e p-value 
helped determining the signifi cance of the results. 
A low p-value (≤ 0.05) indicates a strong eff ect of 
the control factor on the observed response, where-
as a high p-value (> 0.05) indicates a weak eff ect. 
Th e independent control factors, i.e. sliver coils po-
sition, spring stiff ness and fi nisher drawframe deliv-
ery speed, were considered to check any statistical 
signifi cance. Th e analysis of variance summary is as 
shown in Tables 4a and 4b.

Table 1: Box-Behnkenexperimental design

Standard runs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sliver coils position –1 1 –1 1 –1 1 –1 1 0 0 0 0 0 0 0
Spring stiff ness [N/m] –1 –1 1 1 0 0 0 0 –1 1 –1 1 0 0 0
Delivery speed [m/min] 0 0 0 0 –1 –1 1 1 –1 –1 1 1 0 0 0

Table 2: Factors and corresponding levels of variation

Variables –1 0 +1
Sliver coils position Low Middle Top
Spring stiff ness [N/m] 170 190 210
Delivery speed [m/min] 250 400 550
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Table 3: Control factors and corresponding observed responses

Runs

Variables Responses without allowing any 
storage time

Responses at 8 hours of storage 
time
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1 –1 –1 0 11.41 135 15.89 3.75 1770 11.73 152 15.36 3.56 1864
2 1 –1 0 10.75 105 16.89 4.11 1149 11.38 141 16.30 3.88 1461
3 –1 1 0 10.69 111 17.05 4.37 1422 10.94 139 16.64 4.16 1678
4 1 1 0 10.59 93 18.68 4.41 711 10.77 112 17.09 4.47 957
5 –1 0 –1 11.34 131 16.29 3.68 1580 11.58 126 16.51 3.73 1640
6 1 0 –1 10.66 104 17.52 4.53 1050 10.61 104 17.67 4.44 1015
7 –1 0 1 11.31 92 16.73 4.08 1495 11.41 133 16.73 3.97 1523
8 1 0 1 10.57 98 18.23 4.41 780 11.19 101 16.78 4.32 1035
9 0 –1 –1 11.21 114 16.22 3.98 1561 11.28 130 16.28 3.95 1131

10 0 1 –1 10.59 102 16.97 4.62 887 11.32 89 17.39 4.41 1011
11 0 –1 1 11.11 96 16.65 4.43 1295 11.23 119 16.50 4.36 1107
12 0 1 1 10.57 94 18.77 4.92 891 10.57 99 17.52 4.86 927
13 0 0 0 10.57 97 17.93 4.71 845 10.62 97 17.04 4.52 895
14 0 0 0 10.61 91 18.06 5.05 861 10.59 110 16.93 4.89 861
15 0 0 0 10.58 89 17.96 4.81 877 10.65 116 16.87 4.78 1004

Table 4a: ANOVA general linear model summary through p-value analysis: Eff ects without any sliver storage time

Spinning variables U [%] Imperfec-
tions [1/km]

Breaking 
tenacity 
[cN/tex]

Breaking 
elongation 

[%]

Hairiness, 
S3

Sliver coils position 0.00a), s b) 0.01, s 0.00, s 0.00, s 0.00, s
Spring stiff ness [N/m] 0.00, s 0.08, ns 0.00, s 0.00, s 0.00, s
Delivery speed [m/min] 0.05, ns c) 0.04, s 0.00, s 0.07, ns 0.00, s

Table 4b: ANOVA general linear model summary through p-value analysis: Eff ects aft er 8 hours of sliver storage

Spinning variables U [%] Imperfec-
tions [1/km]

Breaking 
tenacity 
[cN/tex]

Breaking 
elongation 

[%]

Hairiness, 
S3

Sliver coils position 0.03, s 0.00, s 0.00, s 0.00, s 0.00, s
Spring stiff ness [N/m] 0.04, s 0.00, s 0.00, s 0.00, s 0.00, s
Delivery speed [m/min] 0.27, ns 0.12, ns 0.16, ns 0.08, ns 0.58, ns

a) p-value
b) s-signifi cant if p <0.05 at 95% confi dence interval
c) ns-not signifi cant if p > 0.05
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3.1 Eff ect of control factors on combed yarn 
 unevenness
It was observed that the combed yarn samples pro-
duced from sliver stored in older storage cans of 
can-spring stiff ness 170 N/m and the yarn samples 
produced from the bottom position sliver coils re-
sult in higher unevenness as compared to the sam-
ples produced from the middle and top position 
sliver coils using 190 N/m and 210 N/m stiff ness 
storage can-springs, as shown in the contour plots 
in Figure 1.Th e samples prepared without allowing 

any sliver storage time produced from the bottom 
sliver coils position using 170 N/m can-spring stiff -
ness showed by 11.41% higher observed mean une-
venness, which further increased aft er 8 hours of 
sliver storage time to 11.73%, as shown in the con-
tour plots in Figure 1. At a lower delivery speed, rel-
atively higher unevenness was observed in both cas-
es as is indicated in Figure 1.
Th e main reason for stored sliver quality deterioration 
were poor sliver handling in older storage cans, older 
can-spring buckling, sliver contact with the rough 

Figure 1: Eff ect of control factors on yarn unevenness at 0 hr (left ) and 8 hrs (right) storage time
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side wall of the container and frequent sliver failure at 
the speedframe creel due to the presence of higher in-
ter-sliver coils adhesion at the bottom sliver coils po-
sition as shown in Figures 2–4. Due to the variation 
in force experienced by diff erent sliver coils, the bot-
tom sliver coils became fl attened and experienced 
more adhesion with adjacent sliver coils at the time of 
sliver withdrawal at the speedframe, as shown in Fig-
ure 2. Consequently, higher sliver stretching and even 
sliver failure was observed at the speedframe creel 
and more frequent start-up breakage at the ringframe. 
Th e combined action of poor combed sliver handling 
in older storage cans and yarn samples produced from 
the bottom position sliver coils resulted in higher un-
evenness in the resultant yarn. Th e combed sliver 
stored in older storage cans of decreased can-spring 
stiff ness experienced sliver rubbing against the con-
tainer’s rough wall due to can-spring buckling, as 
shown in Figure 4, and resulted in a relatively weaker, 
hairy and uneven roving, and yarn which also con-
tributed to higher combed yarn unevenness. Further-
more, the combed yarn unevenness percentage was 
found higher at the samples produced from the bot-
tom position sliver coils allowing 8 hours of sliver 
storage time, which is due to improved sliver coils ad-
hesion with adjacent coils at the speedframe creel. 
However, relatively lower inter-sliver coils adhesion 

was observed at the bottom position sliver coils sam-
ples produced without allowing any storage time.

Figure 3: Flattened bottom sliver coils at speedframe 
creel

Figure 4: Can-spring buckling on sliver storage in old-
er can

Based on the statistical analysis conducted with a gen-
eral linear ANOVA model and experimental results, it 
was found that the eff ect of the sliver coils position 
and can-spring stiff ness is signifi cant for yarn uneven-
ness at 8 hours of storage time as well as without al-
lowing any storage time; however, the eff ect of the de-
livery speed is marginal in both cases, as shown in the 
contour plots in Figure 1 and as vindicated in Table 4. 
Overall, the combed yarn unevenness was found 
higher at 8 hours storage of time as compared to the 
samples produced without allowing any storage time.

3.2 Eff ect of control factors on combed yarn 
imperfections
Th e uneven sliver results in faulty roving and yarn. 
Th e statistical analysis and experimental results reveal 
that the yarn produced from the bottom position sliv-
er coils using older storage cans of spring stiff ness 170 
N/m showed a higher imperfection level with 135 im-
perfections/km at the yarn samples produced without 
allowing any storage time. A further increase in the 
imperfection level was observed at 8 hours of storage 
time with the highest mean value of 152 imperfec-
tions/km observed at the lowest spring stiff ness and 
at the samples produced from the bottom position 
sliver coils, as shown in the contour plots in Figure 5.

Figure 2: Forces experienced by diff erent sliver coils 
position
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Th e reason for a higher imperfection level in the re-
sultant yarn was improved stickiness in the bottom 
sliver coils, and hairy and weak combed sliver, which 
results in more sliver stretching and sliver failure at 
the time of sliver withdrawal from older storage 
cans. As discussed earlier, older can-spring buckling 
resulted in combed sliver contact with the rough 
side wall of the storage container and deteriorated 
stored sliver quality by producing weaker and hairy 
sliver. Th e yarn samples produced from the bottom 
position sliver coils showed a higher imperfection 

level as these sliver coils experienced the highest 
compressive force, resulting in more contact with 
adjacent sliver coils and improved adhesion. Conse-
quently, sliver splitting, stretching, the formation of 
thick & thin places, and even failure was observed at 
the time of sliver processing at the speedframe. Fi-
nally, the combed yarn samples produced from such 
hairy and weaker roving samples showed more im-
perfections in the resultant yarn.
In the case of samples produced without allow-
ing any storage time, it was observed that total 

Figure 5: Eff ect of control factors on yarn imperfections at 0 hr (left ) and 8 hrs (right) storage time
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imperfections are lower at a higher fi nisher draw-
frame delivery speed, i.e. 550 m/min, and higher at 
a lower delivery speed, i.e. 250 m/min, which is a 
consequence of ineff ective straightening of hooked 
fi bres in the draft ing zone at a higher delivery speed. 
A general linear ANOVA analysis suggested that the 
eff ect of the sliver coil position and delivery rate is 
signifi cant for imperfection, whereas the observed 
eff ect is insignifi cant for can-spring stiff ness at the 
samples produced without allowing any sliver stor-

age time. Moreover, the eff ect of the sliver coils po-
sition and can-spring stiff ness was found signifi -
cant, whereas the eff ect of the delivery rate is 
insignifi cant for the samples produced by allowing 
8 hours of sliver storage time.

3.3 Eff ect of control factors on combed yarn 
 breaking tenacity
It was found that the resultant combed yarn break-
ing tenacity was higher at the samples produced 

Figure 6: Eff ect of control factors on yarn breaking tenacity at 0 hr (left ) and 8 hrs (right) storage time
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from the storage cans of spring stiff ness 210 N/m 
and the top position sliver coils compared to the 
samples produced from older storage cans. Th e 
contour plots in Figure 6 confi rm the same, as at 
the samples produced without allowing any stor-
age time, the upper range of breaking tenacity mean 
values was between 17 cN/tex and18.5 cN/tex, and 
at the samples produced by allowing 8 hours of 
sliver storage time, relatively lower breaking te-
nacity was observed with the upper mean values 
being between 16.6 cN/tex and17.4 cN/tex. Yarn 
breaking tenacity was found higher at a higher fi n-
isher drawframe delivery speed, i.e. 550 m/min, 
which is a consequence of less eff ective straighten-
ing of hooked fi bres in the draft ing zone, and high-
er centrifugal force inside the coiler at a higher de-
livery speed. Th us, the sliver, roving and yarn 
failure rate decreased and resulted in stronger and 
fault-free yarn with higher breaking tenacity. Th e 
weaker, hairy, fl attened and stretched bottom po-
sition sliver coils from older storage cans resulted 
in weaker and irregular roving, and yarn of low 
breaking tenacity. Furthermore, it was observed 
that yarn breaking tenacity was relatively lower at 
the yarn samples produced at the 8 hours combed 
sliver storage time, which is a consequence of an 
additional improvement in the bottom sliver coils 
adhesion with adjacent coils, resulting in more 
sliver stretching and failure at the time of sliver 
withdrawal at the speedframe creel. Th is caused 
uneven resultant yarn with more imperfections 
(thick and thin places), resulting in a decrease in 
breaking tenacity of yarn samples produced from 
such roving samples.
Th e statistical analysis with ANOVA summary re-
veals that the eff ect of all control factors was found 
signifi cant on combed yarn breaking tenacity in 
both cases of sliver storage time, except for the ef-
fect of the delivery rate, which was found insignifi -
cant for the samples produced by allowing 8 hours 
of sliver storage time.

3.4 Eff ect of control factors on combed yarn 
 breaking elongation
Th e experimental results reveal that combed yarn 
samples produced from older storage cans of can-
spring stiff ness 170 N/m, bottom position sliver coils 
and at the fi nisher drawframe speed of 250 m/min 
showed lower breaking elongation, which is 3.68% 
with the lowest observed mean value in the case of 

samples produced without allowing any storage 
time compared to other yarn samples, as shown in 
Figure 7. Furthermore, it was found that the sam-
ples produced by allowing 8 hours of storage time 
showed a marginal decrease in breaking elonga-
tion with the lowest observed mean value of 3.56%, 
as shown in Figure 7. Th e causes of low breaking 
elongation are similar to that of low breaking te-
nacity due to the presence of higher unevenness 
and higher imperfections present in the yarn sam-
ples produced from older cans bottom sliver coils 
position at the 250 m/min drawframe delivery 
speed. Weaker, hairy and fl attened sliver from the 
bottom sliver position resulted in weaker roving 
and resultant yarn with low breaking elongation. 
Th e analysis of variance showed that the eff ect of 
sliver coils position and can-spring stiff ness is sig-
nifi cant for combed yarn breaking elongation, 
whereas the eff ect of the delivery rate on breaking 
elongation is insignifi cant.

3.5 Eff ect of control factors on combed yarn 
 hairiness
Lower S3 hairiness was observed at the samples 
produced at the 550 m/min fi nisher drawframe de-
livery rate using storage cans of spring stiff ness 
210 N/m and from the middle and top sliver coils 
positions. For the samples produced without al-
lowing any storage time, the highest S3 hairi-
ness with the S3 mean value 1770 was observed 
at 170 N/m can-spring stiff ness and the bottom 
sliver coils position. In addition, the samples pro-
duced by allowing 8 hours of storage time encoun-
tered a further improvement in S3 hairiness at 
170N/m spring stiff ness, as well as the samples 
produced from the bottom sliver coils position 
with the S3 mean values 1864, as shown in the 
contour plots in Figure 8. Higher S3 hairiness ob-
served in the case of samples produced from the 
bottom position sliver coils resulted from various 
reasons, including sliver rubbing with the rough 
side wall, can-spring buckling, sticky & fl attened 
bottom sliver coils, and hairy sliver & roving. Th e 
bottom position sliver coils experienced the high-
est compressive force as discussed earlier and 
stickiness increased further at 8 hours of sliver 
storage time, resulting in weak, hairy and uneven 
combed sliver during the withdrawal at the speed-
frame. Older storage cans caused sliver quality de-
terioration as a result of can-spring buckling and 
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sliver contact with the side wall of the container and 
experienced sliver splitting/stretching at the speed-
frame during the sliver withdrawal. Th e experimen-
tal results and analysis of variance revealed that the 
combed yarn S3 hairiness is signifi cantly infl uenced 
by the sliver coils position, can-spring stiff ness and 
delivery rate for the samples produced without al-
lowing any storage time. At 8 hours of sliver storage 

time, the eff ect of the delivery rate was found insig-
nifi cant, whereas the eff ect of the sliver coils posi-
tion and can-spring stiff ness was found signifi cant 
at S3 hairiness. It was established that the overall 
combed yarn hairiness improved at 8 hours of sliver 
storage time as compared to that of samples where 
no sliver storage time was allowed, as shown in Fig-
ure 8 and vindicated by ANOVA summary.

Figure 7: Eff ect of control factors on yarn elongation at 0 hr (left ) and 8 hrs (right) storage time
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3.5 Analysis of predicted versus actual values 
 responses
Th e predicted versus actual value plots are merely a 
graphical interpretation of the analysis of variance 
or ANOVA, respectively. For a good fi t, the actual 
points should be located close to the fi tted line. It 
was found that the actual values are in a better 
alignment with respect to the predicted values in 

the case of breaking tenacity, breaking elongation 
and S3 hairiness for the samples produced without 
allowing any storage time, as shown in Figure 9. 
However, the predicted versus actual value plots 
confront non-uniform actual values distribution in 
the case of unevenness and imperfection for the 
samples produced without allowing any storage 
time, as shown in Figure 9.

Figure 8: Eff ect of control factors on S3 yarn hairiness at 0 hr (left ) and 8 hrs (right) storage time
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Th e predicted versus actual value plots for the samples 
produced at 8 hours of storage time showed a good fi t 
along with uniformly distributed actual values in the 
case of imperfections and breaking elongation, as 

shown in Figure 10. However, in the case of uneven-
ness, breaking tenacity and hairiness, unevenly dis-
tributed actual values and the lack of fi t was observed, 
which can be seen in Figure 10.

Figure 9: Actual versus predicted values of responses without allowing any storage time
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4 Conclusion

Th e present study was focused on investigating the 
eff ect of sliver coils position, can-spring stiff ness and 
fi nisher drawframe delivery speed on combed yarn 
quality parameters, including unevenness, imperfec-
tions, breaking tenacity, breaking elongation and S3 
hairiness index. Th e experimental results revealed 

that the combed yarn samples produced from older 
storage cans with the spring stiff ness of 170 N/m, 
bottom position sliver coils, produced at 250 m/min 
fi nisher drawframe delivery speed, showed higher 
combed yarn unevenness, a higher number of total im-
perfections/km, lower breaking tenacity, relatively low-
er breaking elongation and higher S3 hairiness. Th e 
main reason for combed sliver quality deterioration 

Figure 10: Actual versus predicted values of responses at 8 hours storage time
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was sliver stretching and sliver failures at the time of 
sliver withdrawal at the speedframe. Furthermore, 
the storage can-spring buckling in older cans result-
ed in a non-uniform distribution of the load, experi-
enced by diff erent position of sliver coils. Th e storage 
can-spring buckling in older storage cans was found 
responsible for sliver rubbing against the rough con-
tainer side wall, producing hairy and weaker sliver, 
roving and yarn. It was found out that the samples 
produced from the bottom sliver coils position 
showed higher unevenness, more imperfections, 
hairy and relatively weaker resultant yarn due to im-
proved adhesion with adjacent sliver coils, and sliver 
stretching and more sliver failure at the speedframe 
creel during sliver withdrawal. Hence, the role of sliv-
er coils position and spring stiff ness was found sig-
nifi cant for combed yarn unevenness, imperfections, 
breaking tenacity and S3 yarn hairiness index. Th e ef-
fect of the fi nisher drawframe delivery rate was found 
insignifi cant for yarn unevenness and breaking elon-
gation for the samples produced without allowing 
any storage time. Moreover, the eff ect of the delivery 
rate on all observed responses was found insignifi -
cant at 8 hours of storage time. Additionally, combed 
yarn samples produced by allowing 8 hours of sliver 
storage time showed higher unevenness, imperfec-
tion and S3 hairiness, and lower breaking tenacity 
and breaking elongation than the yarn samples pro-
duced without allowing any sliver storage time.
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Abstract
Our clothes and accessories are our primary interfaces with the world around us. In the 21st century, the 

technology that lives in our pockets or in our bags has changed dramatically. Today, the interactive systems 

that can be found almost constantly in our clothes are so close to our body that they sometimes actually 

feel like a part of us. Electronic devices are getting tinier and can be bought ready-made for any purpose. 

Power-supply solutions are smarter and wireless technologies allow communication without cables. Wear-

able technology is becoming widely used in healthcare, care for the elderly and wellness, in the military, in 

workwear and sportswear for added security or performance characteristics, in sci-fi  and fantasy movies and 

big-arena entertainment, and in award shows or pop concerts for its spectacular visual eff ects. Through tech-

nological advances, the most innovative designers and artists re-evaluate the very basic premises of a 

dressed body, such as weight, scale and texture or movement. They demonstrate that design is not just 

about the visual: clothes can also be stimulating to touch, hearing, smell and taste. Wearable technology 

can turn clothing into a multi-sensorial experience and make it drift between categories. Wearable technol-

ogy can be perceived as a body architecture, a second skin, nonmaterial clothing, a personal scenography 

or display, a body extension, an interactive or emotional garment, etc. Some of the most important exam-

ples of wearable technology were analysed in this research. They were divided into three diff erent catego-

ries according to a garment’s principal technological concept or function as it relates to material and exter-

nal and internal stimuli, such as movement, light, sound, touch, sight, smell, taste, biometrics and emotions. 

It was concluded that garments act as a bridge between visual, physical and perceptual experience, and 

provide the wearer and onlooker with a kinaesthetic, proxemic and haptic experience. Since the late 1990s, 

many projects devised within the fi eld of fashionable technology have a strong performative connotation, 

as they move, change shape, or emit light, sound or scents. It wasn’t until the last decade, however, that 

Wearable technology designers really began to explore the potential of clothing as social interaction, emo-

tional sensing and biomimetics.

Keywords: wearable technologies, responsive, active, interactive garments, emotional sensing

Izvleček
Naša oblačila in dodatki so naši primarni vmesniki za svet, ki nas obdaja. Tehnologija, ki jo imamo v žepih in tor-

bah, se je v 21. stoletju dramatično spremenila. Komunikacijski sistemi, ki danes skoraj vedno naseljujejo naša obla-

čila, bivajo tako tesno ob našem telesu, da se včasih zdi, da so del nas samih. Elektronski deli postajajo čedalje manj-

ši, kupimo jih lahko že za katerikoli namen, napajanje je razrešeno elegantno in brezžične tehnologije omogočajo 

komuniciranje brez kablov. Nosljive tehnologije so zaradi svojega spektakularnega vizualnega učinka čedalje bolj 
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1 Introduction

Our clothes and accessories are our primary inter-
faces with the world around us. In the 21st century, 
the technology that lives in our pockets or in our 
bags has changed dramatically. Today, the interac-
tive systems that can be found almost constantly in 
our clothes are so close to our body that they some-
times actually feel like a part of us. Electronic devic-
es are getting tinier and can be bought ready-made 
for any purpose. Power-supply solutions are smart-
er and wireless technologies allow communication 
without cables. Wearable technology (WT) is be-
coming widely used in healthcare, care for the eld-
erly and wellness, in the military, in workwear and 
sportswear for added security or performance char-
acteristics, in sci-fi  and fantasy movies and big are-
na entertainment, and in award shows or pop con-
certs for its spectacular visual eff ects.
Th rough technological advances, the most innovative 
designers and artists re-evaluate the very basic 
premises of a dressed body, such as weight, scale and 
texture or movement. Th ey demonstrate that design 
is not just about the visual: clothes can also be stimu-
lating to touch, hearing, smell and taste. WT can turn 
clothing into a multi-sensorial experience and make 
it drift  between categories. WT can be perceived as a 
body architecture, a second skin, nonmaterial cloth-
ing, a personal scenography or display, a body exten-
sion, an interactive or emotional garment, etc.
Th e objective of the presented research was to study, 
analyse and classify WT according to the factors that 

best defi ne them. Th e content analysis and synthesis 
of key cases were applied for that classifi cation.

2 WT: Fashion, Performance, Art or 

 Science (Fiction)

According to Susan Elizabeth Ryan [1] (2014, p. 96), 
the term ‘wearable technology’ or WT applies to work 
that is functional in application and potentially com-
mercial in distribution or experimental and conceptu-
al in nature to aid the awareness of embodiment. 
Many of the works cited here are what she calls ‘criti-
cal WT’ or ‘critical dress’, even when they are the result 
of experimentation with technology as a means of ex-
pression for fashion designers, such as Hussein Cha-
layan [2], Anouk Wipprecht [3], Ying Gao [4] or Cu-
teCircuit [5], to name but a few. Th e majority of those 
projects only exist as artworks or research prototypes, 
with a non-commercial content and clear conceptual 
and performance character. Th ey are exhibited in art 
and fashion galleries and museums, or are presented 
at trade fairs or academic conferences and workshops.
In the last decade, wearable technology appears to 
be a major trend in fashion. It is, however, far from 
something new, innovative, avant-garde or the in-
vention thereof. Th ere are examples of wearable 
electronics from the 1960s, 1970s and 1980s, and 
most of them were created by fi ne artists and per-
formers, not by fashion designers. Some of them, 
such as Atsuko Tanaka [6], Rebecca Horn [7] Ste-
larc [8], Jana Sterbak [9], or Marcel·lí Antúnez Roca 

prisotne v zdravstvu, oskrbi starejših in velnes centrih, v vojaških, delovnih in športnih oblačilih za dodatno zaščito 

in boljšo zmogljivost, znanstvenofantastičnih in domišljijskih fi lmih, na stadionskih in gala prireditvah ali pop kon-

certih. Z napredkom tehnologij najbolj izvirni oblikovalci in umetniki na novo vrednotijo najosnovnejše predpo-

stavke oblečenega telesa, kot so teža, merilo, tekstura ali gibanje. Kažejo nam, da pri dizajnu ne gre le za vizualno, 

oblačila lahko stimulirajo tudi dotik, sluh, voh in okus. Oblačilne tehnologije lahko spremenijo oblačilo v veččutno 

doživetje, ki lahko drsi med različnimi kategorijami. Oblačilne tehnologije lahko dojemamo kot arhitekturo, oseb-

no scenografi jo, drugo kožo, zaslon, nematerialno oblačilo, podaljšek telesa, interaktivno ali čustveno oblačilo … 

V preglednem članku so razčlenjeni nekateri najpomembnejši primeri oblačilnih tehnologij. Glede na glavno teh-

nološko idejo ali funkcijo samega oblačila v povezavi z materialom oziroma zunanjimi ali notranjimi dražljaji, kot 

so: gib, svetloba, zvok, dotik, vid, voh, okus, biometrija in čustva, so razdeljeni v tri skupine. Ugotovljeno je bilo, da 

je obleka most med vizualno, fi zično in zaznavno izkušnjo, ki uporabniku in gledalcu zagotavlja kinestetično, 

proksemično in haptično doživetje. Od poznih devetdesetih let prejšnjega stoletja ima veliko projektov na po dročju 

modne tehnologije velik performativni pomen, saj se oblačila premikajo, spreminjajo obliko, oddajajo svetlobo, 

zvok ali vonjave, vendar so šele v zadnjem desetletju oblikovalci nosljive tehnologije resnično začeli raziskovati po-

tencial oblačil kot družbene interakcije, čustvenega zaznavanja ali biomimetike.

Ključne besede: nosljive tehnologije, odzivna, aktivna in interaktivna oblačila, čustvena zaznava
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[10] created their art pieces as direct critique of 
fashion system or the mainstream canons of beauty.
Th e study of wearable computers was born in the 
realm of universities and research labs some 60 
years ago, but created its platform through new ar-
tistic movements like performances, events or body 
art and festivals such as Ars Electronica, which has 
been bringing the audience closer to the artist since 
the 1980s. However, it took someone really vision-
ary to combine heavy, large and rigid computers 
and lightweight, soft , sensuous textiles. In the mid-
1990s, Maggie Orth and Rehmi Post [11], who led a 
team of researchers at MIT’s Media Lab, began to 
explore how digital electronics could be integrated 
into clothing by using sewable conductive materials. 
In 2007, Leah Buechley created the fi rst fl exible 
Lilypad Arduino circuit [11].
Wearable technology is, in its essence, anti-dress 
and anti-fashion. WT’s ultimate goal is to make 
clothing durable, self-cleaning and adaptable to all 
situations or seasons. Ryan [1] (2014, p. 105) claims: 
‘WT rehearses an age-old dialogue between society 
and the body that proposes a process of invisibility 
based on an ideal of pure functionality and pure in-
formation, and ultimately a uniformity of dress.’
Th e synergistic link between fashion and technology 
is benefi cial for both elements. Fashion gives WT a 
bigger projection, informs a wider audience of its 
potentials and can even create new commercial 
niches, which in turn can result in funding for new 
research. Bradley Quinn [12] (2012, p. 12) asserts 
that technology and fashion are a perfect match: 
‘when associated with garments, which are by nature 
portable, wireless technology becomes even more 
mobile, and as technologized fashions wirelessly 
connect garments to remote systems, they extend 
both their own functionality and technology’s reach. 
Together, the two are fi nding new uses for tradition-
al materials and techniques, while also inspiring new 
types of tailoring and high-tech fashion fabrics.’
Ryan [1] (2014, p. 11) observes that: ‘More and 
more designers and artists utilize garments empow-
ered with their own abilities to act or react, to reveal 
the moment-by-moment nature of dress and the 
ironies in our hybridized, digital/physical relations.’ 
Th ey believe that clothes are as important as the way 
in which they are represented. Garments made of 
responsive materials or embedded with sensors and 
actuators that emit sounds or light or create physi-
cal movement have a clear performance aspect. WT 

sometimes gives clothes a form of scenography, nar-
rative or a character, which can make for a great 
marketing tool. For this reason, many fashion col-
lections feature at least one unwearable WT piece 
that makes catwalk theatrical and ends up as a spec-
tacular promotional photograph.
According to Johannes Birringer [13] (2008, p. 215), 
the role of fashion and clothing directly relates to 
the complex social and theatrical concept of ‘per-
formance’. Many designers, engineers, artists and 
performance-artists base their work on the relation-
ship between a performing body, material, move-
ment and the observer. By redefi ning the meaning 
of a dressed body, they are merging the boundaries 
of theatrical performance, fashion and contempo-
rary art, resulting in new approaches, hybrid prac-
tices and new terminology, such as fashionable tech-
nology, scientifi c couture, wearable art, conceptual 
clothing and critical costume.
Some artists and textile designers experiment with 
immaterial [14] and disintegrating clothing [15] 
made using projections [16], smoke [17], gel, bal-
loons, bodily fl uids [18], hair and garbage. Some, 
apart from searching for a material, aesthetic and 
somatic experience, base their work on exploring 
key scenographic elements related to costume: time, 
space, movement, light and sound, which give iden-
tity to an otherwise inanimate garment.
By examining the performative qualities of alterna-
tive materials, they question the spatial and tempo-
ral limits of body/dress or body/costume. Alexan-
dra Cabral and Manuel Figueiredo [19] (2014: 
2431) state that ‘both space and garments become 
fi ctional projections of body limits, as they are con-
ceptual interventions and physical extensions of a 
performer’. Sofi a Pantouvaki [20] (2014: 117) speaks 
of a ‘scenographic costume’ or ‘spatial costume’, 
while Jessica Bugg [21] (2014: 39) calls it ‘body lo-
cated scenography’ and Dorita Hannah [22] (2014: 
15) discusses costume as ‘a spatial body-object’.
Johannes Birringer and Michèle Danjoux [23] 
(2009, p. 5) said that interdisciplinary advances in 
smart materials and wearable design will result in ‘a 
future of sensing/communicating clothing that can 
express people’s personalities, needs and desires, or 
augment social dynamics through the use of weara-
bles as ‘theatre’ and as emotional ‘tools’.’ Th ey distin-
guish between two categories of wearables used in a 
performing sense: intelligent (reactive materials and 
garments with shape-changing or display character) 
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that do not require particular performance tech-
niques, and interfacial (sensing and actuating) gar-
ments that interact with the performer or/and audi-
ence. Similarly, Michaela Honauer [24] (2017, p. 
281) speaks of active and interactive costumes.
Artists have been using WT as an expressive and 
critical tool for decades, especially when dealing 
with themes of privacy, disembodiment, invisibility, 
and augmented and virtual realities. Birringer and 
Danjoux [23] (2009, p. 5) explain: ‘the artistic ex-
perimentation with smart technologies is of course 
not market-oriented and has no end-user. Rather, 
the mobilization of smart technology concerns sen-
sorial experience and expression (involving trans-
formations of the performer-audience relations), a 
more experimental and playful adaptation of the 
digital medium as a wearable medium.’
New media artist Melissa Coleman (in Rebeccah 
Pailes-Friedman [25], 2016, p. 13) asserts: ‘One of 
the functions of fi ne art is to create a discourse 
around subjects that are already happening in socie-
ty, or that are looking to start happening. And any-
thing related to textiles is never separated far from 
issues around body.’
No matter how advanced the technology, the point 
is to connect people, just like fashion and clothing. 
Birringer and Danjoux [23] (2009, p. 5) speak of the 
Japanese notion of kansei (emotion design) that ‘im-
plies a stronger emphasis on the wearable as a social 
medium, capturing user subjectivity and intimacy.’ 
Fashion tech designer Anouk Wipprecht says (in 
Kaplan [26], 2015): ‘Th e position that technology 
has in our society – the role to please us – will get 
more and more intimate. [...] As technology crawls 
closer to the skin we will need to rethink and recre-
ate the relation that we have towards technology.’
Back in 1999, Stefano Marzano, the CEO of Philips 
Design Probes, suggested (in Ryan [1], 2014, p. 112) 
that the fashion industry must be transformed so 
that clothing design is no longer simply a choice of 
colours and styles, but a choice of functions, and the 
technology industry will have to learn to think emo-
tionally, until functional applications can be incor-
porated directly into our bodies.

3 Classifi cation of WT

Some of the most characteristic examples of weara-
ble technologies are presented below. Th is research 
focused on the content analysis and categorisation 

of WT, which until now have not been implement-
ed in this form. Th e presented classifi cation repre-
sents an innovative approach to understanding the 
importance, usefulness and application of WT.
Garments are defi ned by the material from which 
they are made. Th ey represent the frontier and the 
connection between the body and the environment 
around it. Th ey have an internal (personal) and an 
external (social) side.
Th e examples presented here were chosen for the 
technological concept behind the garment. Some 
of the examples are made of responsive materials, 
while some of them are active. Th e majority of ex-
amples, however, are interactive garments. All ex-
amples have been classifi ed into one of three cate-
gories: material, external stimuli or internal 
stimuli. Each category has several subcategories: 
responsive material and ‘immaterial’ garments in 
the material category; movement, light, sound and 
touch in the external stimuli category; and bio-
metrics/emotional sensing and biomimetics in the 
internal stimuli category.
Many of the examples could be classifi ed to two or 
three diff erent categories, as they have diverse func-
tions and could be used and interpreted in diff erent 
ways. What all of them have in common is that in a 
few years’ time all of these garments will be outdat-
ed and outshined by more innovative garments, and 
forgotten.

2.1 Material
Responsive material

Material changes its colour or transparency when • 
lit or touched, and due to body heat or sweat, or 
drops of water. It glows in the dark, changes tex-
ture or shape, emits light or sounds, conducts 
electricity and data, and stores energy.
Hydrochromic ink, thermochromic ink, glow in • 
the dark ink, conductive paint, shape-memory al-
loy, disintegrating materials, mechanically col-
lapsible textures, phase-changing materials, stim-
uli-responsive polymers, printable circuits that 
transfer data, etc.
Examples:• 

Catalytic Clothing (Herself): Material sucks and  –
eliminates pollutants from the air surrounding 
it; dress in the form of a lung (Figure 1, [27]).
DuoSkin: Tattooed circuit transfers data and  –
lets the wearer control their devices directly 
from their skin (Figure 2, [28]).
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Figure 1: Helen Storey 
& Tony Ryan. Catalytic 
Clothing (Herself), 2010 
[27]

Figure 2: MIT Media 
Lab / Cindy Hsin-Liu 
Kao, Christian Holz, 
Asta Roseway, Andres 
Calvo, Chris Schmandt. 
DuoSkin, 2016 [28]

‘Immaterial’ garments
Immaterial garments create an illusion of imma-• 
teriality.
Garments are made by light, smoke, mirrors, • 
two-phase foils, projections, motion-tracked 
body mapping, hologram, and virtual and aug-
mented reality.
Examples:• 

Smoke dress: Dress is activated by proximity  –
sensors. When someone steps into the personal 
space of the wearer, the dress creates a veil of 
smoke. By obscuring personal boundaries, the 
dress creates a dialogue between the wearer 

and their surroundings. Th e smoke can be 
scented so anyone can smell and taste the dress 
as they inhale it (Figure 3, [17]).
Apparition: A performer wears a motion- –
tracking body projection mapping, which 
moves in unison with their dancing body. Im-
material performance costumes can be the 
most sustainable option: they are comfortable, 
cheap to make, easy to maintain and do not oc-
cupy storage space (Figure 4, [16]).
Apparel VO.9A: Th is garment is an augmented  –
reality prototype. Th e ‘wearer’ will neither wear 
nor physically feel the garment. Th ey and the 
onlookers will only see or feel it with help of 
special glasses or a special glove. It embodies 
the concept of the body as a continuously 
changeable display that reacts to the wearer’s 
biometrics and social media profi les in real 
time. Th e designer does not have to deal with 
textiles and construction limitations anymore: 
shape, volume and texture are replaced by 
graphics and animation (Figure 5, [14]).

2.2 External stimuli
Input comes from outside of the garment (changes • 
in the garment activated by proximity, movement, 
light, projection, sound, voice, gaze and touch).

Movement
Moving dress, vehicle dress, fl ying dress, disap-• 
pearing dress, dress moving as if it were a part of 

Figure 3: Anouk Wipprecht. 
Smoke dress, 2011-13 [17]

Figure 4: Klaus Obermaier. 
Apparition, 2004 [16]

Figure 5: Normals. Apparel 
VO.9A, 2012 [14]
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the body, lighting dress, instrument dress, dress 
as choreography, etc.
Sensors: movement, proximity, accelerometer, gy-• 
roscope, piezo, tilt, ultrasound, infrared, micro-
phones, eye-tracking cameras, motors, speakers, 
LEDs, EL wires and panels, infl atables, drones, etc.
Garments that are activated by the movement of • 
the wearer. Garments that start to move (get, big-
ger, smaller, change shape and texture, etc.) when 
activated by some external stimuli, usually not 
controlled by the wearer. A garment that moves, 
but it is the garment that wears the performer 
(who does not touch the ground); controlled by 
the wearer or from a distance.
Examples:• 

One hundred and eleven: Dress progressively dis- –
appears into a hat using a motor (Figure 6, [29]).

Figure 6: Hussein Chalayan & Adam Wright. One 
hundred and eleven, 2007 [29]

Butterfl y dress: Dress transforms or partially  –
disintegrates as someone moves towards it. 
Forty butterfl ies start to fl utter and then fl y 
away, activated by a proximity sensor or via a 
mobile device that communicates with the 
dress over a wireless network (Figure 7, [15]).

Volantis, world’s fi rst fl ying dress: Remotely  –
controlled fl ying platform dress is moved by 
six large drones (Figure 8, [30]).

Figure 8: Studio XO. Volantis, worlds fi rst fl ying 
dress, 2013 [30]

Light
Garments are activated by light or other external • 
stimuli such as voice, ambient sound, touch or 
gaze that makes garments emit light or pre-pro-
grammed or interactive images.
Dress that lights up a wearer’s personal space, • 
dress that turns on/off  ambient lights, dress as a 
display, dress as a projection screen, dress as a 
projector, dress as a text message, dress as mov-
ing pictures, etc.
Examples:• 

(No)where (Now)here: Dress turns off  lights  –
and illuminates when someone looks directly 
at it (Figure 9, [31]).

Bono’s Laser jacket: Th e jacket is equipped  –
with dozens of laser spot lights that are pro-
jected on audience members individually, thus 

Figure 7: Ezra & Tuba 
Çetin. Butterfl y dress, 
2015 [15]

Figure 9: Ying Gao. (No)where 
(now)here, 2013 [31]
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connecting a performer with a spectator on a 
personal level (Figure 10, [32]).

Figure 10: Moritz Waldemeyer. Bono’s Laser jack-
et, 2010 [32]

Twitter dress: Dress allows one to wear online  –
comments. Full-colour LED pixels show the 
most popular tweets about the dress, the wear-
er or the event in real time (Figure 11, [33]).

Figure 11: CuteCircuit. Twitter dress, 2012 [33]

Sound
Garments are activated by sound, voice, talking, • 
singing, clapping, ambient sounds, music, touch 
or proximity to make them emit sounds (ampli-
fi ed, in real time or pre-recorded, interactive).
Dress as an instrument, microphone, speaker, etc.• 
Examples:• 

Sonifi ca: A wearable bustier and a prosthetic leg  –
turn multimedia performance artist Viktoria 
Modesta’s body into an instrument. Both pieces 
use open-source hardware and soft ware that 
recognises gestures, and a six-axis accelerome-
ter and gyroscope to track movement and inter-
act spatially and sonically with her environment 
and participating audience, creating an intimate 
and collaborative show (Figure 12, [34]).

Figure 12: Viktoria Modesta & Anouk Wipprecht. 
Sonifi ca, 2017 [34]

Soundshirt: Shirt helps deaf people feel music  –
thanks to 16 micro actuators embedded in the 
fabric of the garment. Th ese actuators receive 
the music that the orchestra is playing wire-
lessly and in real-time. Transformed into data, 
for example, violins can be felt on the arms and 
drums on the back. An entire composition 
comes to life as a series of haptic (touch-like) 
sensations across the torso of the person wear-
ing the shirt. ‘What you hear... I can feel!’ Kas-
sandra Wedel (in CuteCircuit [35] 2016), deaf 
dancer and actress, (Figure 13, [36]).

Figure 13: CuteCircuit. Soundshirt, 2016 [36]
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Touch
Garments are activated by human touch, rain-• 
drops, proximity and haptic touch from a distance.
Dress as a music player, dress as a text messenger, • 
dress as a fl ickering lamp, dress as a hug from a 
distance, etc.
Examples:• 

Hugshirt: Shirt delivers a ‘hug’ from a distant  –
hugshirt using Bluetooth and sensor technolo-
gy. By applying pressure to certain points on 
the body, the shirt recreates the haptic sensa-
tion of the touch, warmth and emotion of a 
hug. It is designed to be worn by both caller 
and receiver, and represents the physical di-
mension that phone-based digital communica-
tion lacks (Figure 14, [37]).
Puddle jumper: When raindrops hit the coat,  –
the sensors activate EL lamps. A fl ickering pat-
tern of illumination mirrors the rhythm of 
rainfall (Figure 15, [38]).

Figure 14: CuteCircuit. 
Hugshirt, 2004 [37]

Figure 15: Elise Co. 
Puddle jumper, 
2001-02 [38]

Coded sensation: Garments that are made  –
from fabric that carries information from mag-
netic tape cassettes serve as a music player. 
Music, stories or poems start to play when the 
surface of the garment is touched by a glove 
device (Figure 16, [39]).

Figure 16: Martin Rille. Coded sensation, 2009 [39]

2.3 Internal stimuli
Input comes from the inside of the garment, • 
while changes in the garment are activated by the 
wearer’s biometrics.
Garments are activated by breathing, heartbeat, • 
muscle movement, blinking of the eyes, voice vibra-
tion, perspiration, skin pH and EEG brain activity 
to make them move, blink, glow, make photos, or 
emit light, sound, music, smoke, scents or liquids.
Concepts of multi-sensory surfaces and social in-• 
teraction design: a garment acts in accordance 
with the wearer’s psychological and emotional 
state. For this reason, it seems to act on its own 
and as if it were part of the wearer’s skin or body.
Technically, this type of garments is much more • 
advanced and requires many more electronic 
components, programming and sensors: move-
ment, proximity, muscle strain, ultrasound, infra-
red, breathing, heartbeat, perspiration, skin tem-
perature, brain activity, microphones, eye-tracking 
cameras, motors, speakers, LEDs, EL wires and 
panels, infl atables, etc.

Biometrics and emotional sensing
Garments are activated by somatics, small ges-• 
tures, breathing, heartbeat, skin temperature, 
perspiration, muscle tension, voice recognition 
or visual focus (all are indicators of anxiousness, 
insecurity, blushing, unease, stress, distraction, 
lying, etc.) to make them light up, change col-
ours, infl ate or deliver an electric shock.
Examples:• 

Th e holy dress: Th e dress starts to glow and in- –
creases in intensity using data from a speech 
recognition system and voice stress analysis. 
When a lie is detected, the garment lights up 
fully and delivers an electric shock to the wear-
er as punishment. In this way, the garment 
trains the wearer to live an honest life and be-
come a better person (Figure 17, [40]).

Figure 17: 
Melissa Coleman, 
Leonie Smelt & 
Joachim Rotteveel. 
Th e holy dress, 
2016 [40]
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Smart second skin dress: Th is therapeutic gar- –
ment is integrated with a wireless sensor net-
work that uses nanotechnology and microfl uid-
ics. It senses the wearer’s body heat and other 
indicators of stress, and releases aromas to 
boost the limbic system in the brain or deodor-
ant when sweat is detected. Th e dress, conceived 
as a second skin, can alter mood, encourage 
sleep or energise action, increase self-esteem 
and stimulate the imagination (Figure 18, [18]).

Figure 18: Jenny 
Tillotson & Adeline 
André. Smart second 
skin dress, 2003 [18]

Trans-For-M-Otion: Th e garment immediately  –
reacts to how the wearer is feeling in a chang-
ing environment. Heartbeat, body tempera-
ture, respiration and muscle-tension are sensed 
and processed. When the wearer feels anxious 
or insecure, small air cells in the garment fi ll 
up like little cushions, so that the garment im-
mediately fi ts closer to the body and the wear-
er feels safe and protected. LED lights also re-
spond directly to the wearer’s movements and 
emotion to soothe them (Figure 19, [41]).

Figure 19: Eunjeong Jeon. Trans-For-M-Otion, 
2010 [41]

Biomimetics
Garments are activated by proximity, increased • 
heart rate, breathing, perspiration, body tempera-
ture, or an observer’s facial expression to make 
them move, infl ate, glow, and emit light and 
sound.
Garments mimic natural forms, animal move-• 
ments and behaviours, such as an animal raising its 
fur to make it look bigger or attack in self-defence.
Examples:• 

Robotic spider dress: A device worn on the  –
shoulders, which consists of six mechanical spi-
der legs, acts on behalf of the wearer and can at-
tack using the same viewing angle as the wearer 
when someone enters their personal space. Us-
ing wireless biometric signals from proximity 
and breathing sensors, the system makes infer-
ences based on the stress levels in the wearer’s 
body and can diff erentiate between 12 diff erent 
states of behaviour. Th e system knows how the 
wearer feels and can adapt its behaviour to 
those feelings. Th e system’s own opinion is 
based on the logic and data programmed 
through social studies and environmental psy-
chology. In this way, the robotic spider dress be-
comes a part of the person, instead of some-
thing separate that stands alone (Figure 20, 
[42]).

Figure 20: Anouk Wipprecht & Daniel Schatzmayr. 
Robotic spider dress, 2014 [42]

Opale: Th e dress senses aggression and bristles  –
its ‘fur’ as a defence mechanism or as a form of 
intimidation when under threat, or purrs when 
stroked. Inspired by cat, dog or mice fur, the 
outfi t is equipped with facial tracking technolo-
gy, which detects an observer’s facial expressions 
(happiness, sadness, surprise, anger or neutral), 



133Wearable Technologies: Between Fashion, Art, Performance, 

and Science (Fiction)

Tekstilec, 2019, 62(2), 124-136

an interactive pneumatic infl atable system (six 
motors and CO2 capsules) and a forest of fi bre 
optics embedded in silicon that react by move-
ment and sound (Figure 21, [43]).

Figure 21: Behnaz Farahi. Opale, 2017 [43]

3 Discussion

Th rough existing literature and internet research, 
the best-known and innovative examples of tech-
nology-embedded clothing from the last 30 years 
were gathered to analyse the increasing interdisci-
plinary relationship between fashion, performance, 
art and science, and to identify some characteristics 
and draw conclusions about the current state of WT. 
Two thirds of the examples were created by women. 
Only 35% of the examples came from fashion (pre-
sented as a part of a fashion collection, catwalk or 
red-carpet event), while 25% of examples were pre-
sented in an art gallery or museum, 20% on stage, 
in musical concerts or theatre performances, and 
20% were conceived as a scientifi c research proto-
type or are still in the experimental stage.
Th e most important characteristic of wearable tech-
nologies is team collaboration, as WT is an interdis-
ciplinary undertaking. Teams are formed by design-
ers, technologists and engineers. Many designers 
today have backgrounds in science or technology, 
fashion, interface design or art, but still require help 
and advice from material or biomimetics scientists, 
electronic and robotics engineers, nanotechnolo-
gists, neurologists or anthropologists.
Collaborations between Hussein Chalayan, Moritz 
Waldemeyer [44], Adam Wright [45] or Karolina 
Cengija [46] are some of the most fruitful. Th e 
Chalayan-Cengija collaboration is just one of many 
exceptions to the stereotype of multidisciplinary 

teams, combining the traditionally female practice of 
dress-making with the previously male-dominated 
disciplines of technology and materials science. An 
interesting phenomenon is actually occurring: a new 
breed of fashion designers/electronic engineers is 
emerging and will break gender barriers forever. 
Young women such as Anouk Wipprecht [47], Becca 
McCharen [48], Kate Hartman [49], Sabine Seymour 
[50] and Limor Fried [51] have their own hi-tech 
fashion brands, lead their own WT labs or electronic 
supply companies, and are paving the way for the 
next generation of women fashion tech designers.
Another aspect of collaboration is that in order to 
ensure the best use and reach of their work, WT art-
ists and studios are joining forces with some of the 
most famous and most avant-garde pop stars, such 
as Lady Gaga, Björk, Viktoria Modesta, Black Eyed 
Peas, Pet Shop Boys and other celebrities for their 
music videos, tours, advertising campaigns and red 
carpets events. In this way, WT takes advantage of 
three diff erent media channels to reach the masses: 
fashion, music and art/design.
However, it is in large-venue concerts where WT is 
tested to its very limits, not just for its spectacular ef-
fects, but above all for its functionality, durability, 
safety and comfort. It is these performers who chal-
lenge the designers to create ever more innovative 
designs for their next tour. WT is a great tool to con-
nect with the masses in big-stage productions where 
the audience can be hundreds of meters away from 
the performer, as ‘interactive and responsive cos-
tumes can transform performance on both a larger 
stage scale, as well as the intimate and relational scale 
of the costume.’ (Pantouvaki [52], 2014, p. 193).
Another important characteristic of WT is the fact 
that electronic devices are becoming smaller and 
cheaper every day, and that there is an open-source 
coding community willing to share their knowledge 
free-of-charge. Anyone interested in working with 
WT with a minimum budget and minimum sewing 
and programming skills can create a great and inno-
vative design or artwork. Th ere are also books, on-
line blogs and tutorials for beginners and profession-
al WT makers. Fashionable technology entrepreneur 
Sabine Seymour (in Quinn [12], 2012, p. 164) be-
lieves in the model of open innovation and argues 
that ‘it is important for creators to have access to the 
new materials, processes and methodologies that are 
developed by such corporate entities. Safeguarding 
and restricting access to new techniques do not 
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produce innovation but rather hinder it. Not only is 
creativity stifl ed, but also the potential for fi nancial 
returns of investment to the investors is limited.’
Th ere are still many challenges and limitations for 
WT. To stay innovative, the fashion world requires 
deeper knowledge about tools, materials and manu-
facturing, but very few designers have total access to 
the latest advances in technologies. Trend expert 
Anne Marie Commandeur (in Quinn [12], 2012, p. 
226) argues that technology is advancing rapidly in all 
areas of design, except fashion and that ‘textile tech-
nology, textile designs, garment manufacturing, fi n-
ishers, fashion designers and now scientifi c research-
ers work without a common platform that would 
enable them to build bridges between these process-
es.’ WT designer Becca McCharen of Chromat (in Ka-
plan [53], 2015) claims that the biggest problem is 
getting their designs into production. She says: ‘We 
know we can do amazing things with materials, we 
know it enables a completely new aesthetic … [but] 
it’s getting it into the hand of the consumer, and that’s 
a manufacturing and distribution problem’.
Short deadlines for creating seasonal collections and 
the quick reversal of trends oft en discourage fashion 
designers from transforming their research into new 
materials and aesthetic and performative values that 
result in wearable technology. Sometimes, designers 
simply show no interest in wearable technologies. 
Conceptual fashion designer Ying Gao (in Pailes-
Friedman [25], 2016, p. 140) argues that designers 
themselves are not brave enough to experiment and 
asserts: ‘We have lost this critical thinking that people 
have in other fi elds such as media design and cinema.’
Moreover, there are still practical issues to be re-
solved: wires and batteries are not soft  and do not 
have fl exible joints, so they are still unable to stretch 
and bend with the body. Electronic circuits are still 
not tough enough to stand up to wearing, washing 
and repairs. With regard to wearability, the chal-
lenges faced by costume designers are even greater, 
as they are creating for a known end-user, the per-
former. Th e appearance has to fi t metaphorically 
into the character played and be visible for all audi-
ence members, regardless of where they sit. In addi-
tion, costumes must be robust enough to be worn 
multiple times, and to be dressed or undressed 
quickly. Th ey have to be durable, comfortable, safe, 
not too hot and allow for freedom of movement.
Another negative characteristic is the lack of criticism 
in WT literature. Almost every year, lushly illustrated 

books are published demonstrating the current state 
of WT and big-named “fashion” exhibitions such as 
Manus X Machina take place [54]. Ryan [1] (2014, p. 
6) claims that ‘the WT literature testifi es to an enor-
mous and growing fi eld’, but that much of its ‘activity 
has gone untouched by historical and cultural exami-
nation.’ She blames it on literature’s ‘consistently af-
fi rmative and advocative tone, reminiscent of market-
ing and journalism, and the absence of any negative 
remarks, or any critical perspective whatsoever.’

4 Conclusion

Clothing embedded with WT can generate a specifi c 
body-mind involvement. We can perceive clothing 
with all of our senses: sight, touch, hearing, smell, taste, 
even multi-sensory or synesthesia. Garments repre-
sent a bridge between visual, physical and perceptual 
experience, providing the wearer and the observer 
with a kinaesthetic, proxemic and haptic experience.
Since the late 1990s, many of the projects devised 
within the fi eld of fashionable technology have a 
strong performative connotation, as they move, 
change shape, or emit light, sound or scents. It wasn’t 
until the last decade, however, that WT designers re-
ally began to explore the potential of clothing as so-
cial interaction, emotional sensing or biomimetics.
Th e mass production of WT garments will probably 
never occur, and although it may have sounded like 
science fi ction 20 years ago, somewhere some teen-
age cosplayer is 3D printing materials and clothes 
that we saw as a crazy futuristic idea in a movie, 
comic or video game right now in their own room.

References

 1. RYAN, Susan Elizabeth. Garments of paradise: 
wearable discourse in the digital age. Cambridge, 
Massachusetts, London, England : Th e MIT 
Press, 2014.

 2. Dezeen. Hussein Chalayan [online], [accessed 
25. 3. 2019]. Available on World Wide Web: 
<https://www.dezeen.com/?s=hussein%20
chalayan&hPP=40&idx=vetg_livesearchable_
posts&p=0&fR%5Bpost_type_label%5D% 
5B0%5D=&is_v=1>.

 3. Dezeen. Anouk Wipprecht [online], [accessed 
25. 3. 2019]. Available on World Wide Web: 



135Wearable Technologies: Between Fashion, Art, Performance, 

and Science (Fiction)

Tekstilec, 2019, 62(2), 124-136

<https://www.dezeen.com/?s=anouk%20
wipprecht&hPP=40&idx=vetg_livesearchable_
posts&p=0&fR%5Bpost_type_label%5D%5 
B0%5D=&is_v=1>.

 4. Dezeen. Ying Gao [online], [accessed 25. 3. 2019]. 
Available on World Wide Web: <https://www.
dezeen.com/?s=ying%20gao&hPP=40&idx=vetg_
livesearchable_posts&p=0&is_v=1>.

 5. Dezeen. CuteCircuit [online], [accessed 25. 3. 
2019]. Available on World Wide Web: <https://
www.dezeen.com/?s=cutecircuit&hPP=40&idx
=vetg_livesearchable_posts&p=0&is_v=1>.

 6. Artnet. Atsuko Tanaka [online], [accessed 25. 3. 
2019]. Available on World Wide Web: < http://
www.artnet.com/artists/atsuko-tanaka/>.

 7. Rebecca Horn [online], [accessed 25. 3. 2019]. 
Available on World Wide Web: <http://www.
rebecca-horn.de/>.

 8. Stelarc [online], [accessed 25. 3. 2019]. Availa-
ble on World Wide Web: <http://stelarc.org/
projects.php>.

 9. Artnet. Jana Sterbak [online], [accessed 25. 3. 
2019]. Available on World Wide Web: <http://
www.artnet.com/artists/jana-sterbak/>.

10. Marcel·lí Antúnez Roca [online], [accessed 25. 
3. 2019]. Available on World Wide Web: < http://
marceliantunez.com/>.

11. BAPTISTE, Jean. A brief history of electronic tex-
tiles [online], [accessed 25. 3. 2019]. Available on 
World Wide Web: <https://medium.com/@
jeanbaptiste/a-brief-history-of-electronic-textiles-
dee610be667b>.

12. QUINN, Bradley. Fashion Futures. London, 
New York : Merrell Publishers, 2012.

13. BIRRINGER, Johannes. Performance, technolo-
gy, & science. New York : PAJ Publications, 2008.

14. Normals. Apparel V0.9A [online], [accessed 20. 
3. 2019]. Available on World Wide Web: <http://
mixtur.es/normals/apparel/apparelv09a/>.

15. Çetin, Ezra and Tuba. Butterfl y dress [online], 
[accessed 20. 3. 2019]. Available on World Wide 
Web: <https://

  www.pinterest.com/pin/359513982734256288/>.
16. Obermeier, Klaus. Apparition [online], [ac-

cessed 20. 3. 2019]. Available on World Wide 
Web: <http://www.exile.at/apparition/photos_
download.html>.

17. Wipprecht, Anouk. Smoke dress [online], [ac-
cessed 20. 3. 2019]. Available on World Wide Web: 

<http://streamingmuseum.org/anouk-wipprecht-
what-does-fashion-lack-microcontrollers/>.

18. TILLOTSON, Jenny, ANDRÉ, Adeline. Smart 
second skin dress [online], [accessed 23. 3. 
2019]. Available on World Wide Web: <http://
ualresearchonline.arts.ac.uk/5570/>.

19. CABRAL, Alexandra and FIGUEIREDO, Carlos 
Manuel. Costume design: Ergonomics in perform-
ance art [online], [accessed 20. 3. 2019]. Available on 
World Wide Web: <https://www.academia.
edu/10733833/_Costume_Design_Ergonomics_
in_Performance_Art_Proceedings_of_the_5th_
AHFE_International_Conference_on_Applied_
Human_Factors_and_Ergonomics_2014_ 
Jagiellonian_University_Krak%C3%B3w_Poland_>.

20. PANTOUVAKI, Sofi a. Costume in the absence 
of the body. In Presence and absence: the per-
forming body. Edited by A. Anderson and S. 
Pantouvaki. Oxford : Inter-Disciplinary Press, 
2014, pp. 101−127.

21. BUGG, Jessica. Emotion and memory: Clothing 
the body as performance. In Presence and ab-
sence: Th e performing body. Edited by A. Ander-
son and S. Pantouvaki. Oxford : Inter-Discipli-
nary Press, 2014, pp. 29−52.

22. HANNAH, Dorita. Alarming the heart: Costume 
as performative body-object-event. Scene, 2014, 
2(1+2), 15−34, doi: 10.1386/scene.2.1-2.15_1.

23. BIRRINGER, Johannes, DANJOUX, Michele. 
Wearable performance, [online], [accessed 20. 
3. 2019]. Available on World Wide Web: <http://
bura.brunel.ac.uk/handle/2438/5681>. 

24. HONAUER, Michaela. Designing (inter)active 
costumes for professional stages. In Smart tex-
tiles. Edited by Schneegass, S. and Amft , O. 
Cham : Springer, 2017, pp. 279−299, doi: 10.1007/ 
978-3-319-50124-6_13.

25. PAILES-FRIEDMAN, Rebeccah. Smart textiles 
for designers: Inventing the future of fabrics. Lon-
don : Laurence King, 2016.

26. KAPLAN, Ken. Robotic spider dress powered 
by Intel smart wearable technology [online], 
[accessed 20. 3. 2019]. Available on World Wide 
Web: <https://iq.intel.com/smart-spider-dress-
by-dutch-designer-anouk-wipprecht/>.

27. STOREY, Helen, RYAN, Tony. Catalytic Clothing 
(herself) [online], [accessed 20. 3. 2019]. Availa-
ble on World Wide Web: <http://sustainable-
fashion.com/projects/catalytic-clothing/>.



136 Wearable Technologies: Between Fashion, Art, Performance, 

and Science (Fiction)

Tekstilec, 2019, 62(2), 124-136

28. HSIN-LIU KAO, Cindy, HOLZ, Christian, ROSE-
WAY, Asta, CALVO, Andres, SCHMANDT, Chris. 
DuoSkin [online], [accessed 20. 3. 2019]. Available 
on World Wide Web: <https://www.xataka.com/
investigacion/tu-piel-como-interfaz-tactil-los- 
tatuajes-duoskin-de-chip-nfc-a-joyas-con-leds>.

29. CHALAYAN, Hussein, WRIGHT, Adam. One 
hundred and eleven [online], [accessed 20. 3. 
2019]. Available on World Wide Web: <http://
adam-wright.com/jobs/hussein-chalayan-one-
hundred-eleven/>.

30. Studio XO. Volantis [online], [accessed 20. 3. 2019]. 
Available on World Wide Web: <https://the-dots.
com/projects/volantis-by-studio-xo-138515>.

31. GAO, Ying. (No)where (now)here [online], [ac-
cessed 20. 3. 2019]. Available on World Wide Web: 
<https://design-milk.com/nowhere-nowhere- 
interactive-dresses-by-ying-gao/>.

32. WALDEMEYER, Moritz. Bono’s laser jacket [on-
line], [accessed 20. 3. 2019]. Available on World 
Wide Web: <https://www.dezeen.com/2010/02/28/
bonos-laser-stage-suit-by-moritz-waldemeyer/>.

33. CuteCircuit. Twitter dress [online], [accessed 
20. 3. 2019]. Available on World Wide Web: 
<http://cutecircuit.com/nicole-twitter-dress/>.

34. MODESTA, Viktoria. WIIPPRECHT, Anouk. 
Sonifi ca [online], [accessed 20. 3. 2019]. Availa-
ble on World Wide Web: <https://www.pinterest. 
com/pin/316518680053369567/>.

35. CuteCircuit. Soundshirt [online], [accessed 20. 
3. 2019]. Available on World Wide Web: <http://
cutecircuit.com/soundshirt/>.

36. CuteCircuit. Soundshirt [online], [accessed 20. 
3. 2019]. Available on World Wide Web: <http://
www.lustermagazine.com/sound-shirt-sinfonia- 
alemana-wearable/>.

37. Cutecircuit. Hugshirt [online], [accessed 23. 3. 
2019]. Available on World Wide Web: <https://
crunchwear.com/cutecircuit-hug-shirt/>.

38. CO, Elise. Puddle jumper [online], [accessed 23. 
3. 2019]. Available on World Wide Web: <https://
www.electricfoxy.com/electricfoxy/ 2009/01/
luminescent-raincoat>.

39. RILLE, Martin. Coded sensation [online], [ac-
cessed 23. 3. 2019]. Available on World Wide 
Web: <http://www.codedsensation.com>.

40. COLEMAN, Melissa, SMELT, Leonie, ROT-
TEVEEL, Joachim. Th e holy dress [online], [ac-
cessed 23. 3. 2019]. Available on World Wide 
Web: <http://melissacoleman.nl/holydress>.

41. JEON, Eunjeong. Trans-For-M-Otion [online], 
[accessed 23. 3. 2019]. Available on World 

Wide Web: <http://eunjeongjeon.wixsite.com/
infor/projectpage-cv7b>.

42. WIPPRECHT, Anouk, SCHATZMAYR, Daniel. 
Robotic spider dress [online], [accessed 23. 3. 
2019]. Available on World Wide Web: <https:// 
fashioningtech.com/2013/01/07/robotic-couture/>.

43. FARAHI, Behnaz. Opale [online], [accessed 23. 
3. 2019]. Available on World Wide Web: <http://
behnazfarahi.com/opale/>.

44. WALDEMEYER, Moritz. Fashion projects [on-
line], [accessed 25. 3. 2019]. Available on World 
Wide Web: <http://www.waldemeyer.com/category/ 
fashion>.

45. WRIGHT, Adam. Hussein Chalayan / Adam 
Wright [online], [accessed 25. 3. 2019]. Availa-
ble on World Wide Web: <http://adam-wright.
com/tag/hussein-chalayan/>.

46. MILLER LANDAU, Deb. Hussein Chalayan 
brings biosensing to Paris Fashion Week [online], 
[accessed 25. 3. 2019]. Available on World Wide 
Web: <https://iq.intel.in/hussein-chalayan-brings-
biosensing-wearables-to-paris-fashion-week/>.

47. WIPPRECHT, Anouk. Anouk Wipprecht 
Fashion Tech [online], [accessed 25. 3. 2019]. 
Available on World Wide Web: <http://www. 
anoukwipprecht.nl/bio>.

48. MCCHAREN, Becca. Chromat [online], [ac-
cessed 25. 3. 2019]. Available on World Wide 
Web: <https://chromat.co/pages/about-us>.

49.  HARTMAN, Kate. OCAD University [online], [ac-
cessed 25. 3. 2019]. Available on World Wide Web: 
<https://www2.ocadu.ca/bio/kate-hartman-0>.

50. SEYMOUR, Sabine. Moondial [online], [ac-
cessed 25. 3. 2019]. Available on World Wide 
Web: <http://moondial.com/2010/seymour/>.

51. FRIED, Limor. Adafruit Industries. Unique & 
fun DIY electronics and kits [online], [accessed 
25. 3. 2019]. Available on World Wide Web: 
<https://www.adafruit.com/about>.

52. PANTOUVAKI, Sofi a. Embodied interactions: 
Towards an exploration of the expressive and 
narrative potential of performance costume 
through wearable technologies. Scene, 2014, 
2(1+2), 179–196, doi: 10.1386/scene.2.1-2.179_1.

53. KAPLAN, Ken. Future tech fashion styles hit 
NYFW runway [online], [accessed 20. 3. 2019]. 
Available on World Wide Web: <https://iq.intel.
com/future-tech-fashion-styles-hit-nyfw-runway/>.

54. Manus x Machina - Metropolitan museum of art 
[online], [accessed 20. 3. 2019]. Available on 
World Wide Web: <https://www.metmuseum.org/ 
exhibitions/listings/2016/manus-x-machina>



137

Tekstilec, 2019, 62(2), 137-147

DOI: 10.14502/Tekstilec2019.62.137-147

Korespondenčni avtor/Corresponding author:

Prof dr. Nenad Perić
E-pošta: nenad.peric@metropolitan.ac.rs

Nenad Perić, Tatjana Mamula Nikolić, Milica Slijepčević

Univerzitet Metropolitan Beograd, Fakultet za menadžment, Tadeuša Košćuška 63, 11000, Beograd, 

Republika Srbija

Obnašanje potrošnikov pri kupovanju tekstila v Republiki Srbiji
Clothes Consumption in Republic of Serbia: Customer 

Behaviour Overview

Izvirni znanstveni članek/Original Scientifi c Article
Prispelo/Received 03-2019 • / Sprejeto/Accepted 05-2019

Izvleček
V članku je predstavljena raziskava potrošniških navad pri kupovanju oblačil v Republiki Srbiji. Cilj raziskave 

je bil odgovoriti na naslednja vprašanja: kje prebivalci najpogosteje kupujejo oblačila, kako pogosto hodijo 

po nakupih in koliko mesečno porabijo zanje ter kaj se jim pri kupovanju oblačil zdi najpomembnejše. V ta 

namen je bila s pomočjo spletnega vprašalnika s tehniko Computer Assisted Web Interviewing (CAWI) oprav-

ljena raziskava na vzorcu 500 vprašanih. Pokazalo se je, da okoli 40 odstotkov prebivalcev Republike Srbije 

kupi določen kos oblačil enkrat na mesec, 36 odstotkov pa jih kupi nekaj oblačil enkrat v treh do šestih me-

secih. Oblačila najpogosteje kupujejo v trgovinah z blagovnimi znamkami (53 odstotkov), tretjina prebival-

cev pa hodi večinoma v manjše, lokalne trgovine in butike, kjer so naprodaj kosi, ki nimajo uveljavljenih bla-

govnih znamk. Prebivalci najpogosteje kupujejo v kraju, kjer živijo, ali pa v neposredni okolici. Oblačila dokaj 

pogosto kupujejo tudi v drugih mestih v Srbiji (29 odstotkov) oziroma v tujini – predvsem v sosednjih drža-

vah (20 odstotkov), če je tam ponudba ugodnejša, ali zaradi nakupa modelov in blagovnih znamk, ki jih na 

domačem trgu ni. V povprečju skoraj 60 odstotkov prebivalcev Republike Srbije porabi za nakup oblačil 

do 40 evrov na mesec, s čimer se na letni ravni Republika Srbija primerja s sosednjimi državami, članicami 

EU (na primer s Hrvaško in Madžarsko). Poleg tega so bile v raziskavi opredeljene tri skupine potrošnikov 

(neodvisno od demografskih spremenljivk), podani pa so tudi drugi zanimivi sklepi, do katerih so raziskoval-

ci prišli z analiziranjem izhodiščnih hipotez, ki bolje pojasnjujejo trg Republike Srbije.

Ključne besede: nakup, oblačila, blagovna znamka, trg

Abstract
This paper explores consumer habits in the Republic of Serbia regarding the purchase of clothes. The aim of the re-

search was to answer the following questions: where do the citizens of Serbia buy clothes most often, how often do 

they go shopping, how much money do they spend monthly and what is most important for them when buying 

clothes? A survey was conducted among 500 respondents by means of an online questionnaire using Computer As-

sisted Web Interviewing (CAWI). The fi ndings showed that about 40% of Serbian citizens buy clothing items once a 

month, while 36% of them buy once in 3–6 months. Clothes are most frequently purchased in branded shops (53%), 

while one third of citizens mainly go to smaller, local shops and boutiques with unbranded items. Citizens usually buy 

clothes in the city they live in or in the immediate surroundings. However, clothes are often bought in other cities of 

Serbia (29%) or abroad, most notably in the neighbouring countries (20%) if the off er is cheaper or for the purpose of 

purchasing the models and brands that are not available on the local market. On average, nearly 60% of Serbian cit-

izens spend up to EUR 40 per month on the purchase of clothes, which puts them at the annual level on a par with 

the neighbouring countries that are EU members (i.e. Croatia and Hungary). The research also defi ned three diff erent 

groups of consumers (independently of demographic variables). Moreover, other interesting conclusions were drawn 

by analysing the initial hypotheses of the paper that better explain the market in the Republic of Serbia.

Keywords: shopping, clothes, brand, market
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Obnašanje potrošnikov pri kupovanju tekstila v Republiki Srbiji

1 Uvod

Poslovno okolje se nenehno spreminja. Na makro-
ravni globalizacija vpliva na ekonomsko okolje, na 
mikroravni se krepi konkurenca zaradi globalizacije 
trga, zahtevam potrošnikov pa je treba ugoditi [1]. 
V tem okviru je treba obravnavati tudi trg oblačil, ki 
je v zadnjih dvajsetih letih doživel velike spremem-
be, po podatkih Gospodarske zbornice Srbije se je 
na primer Blumbergov indeks tekstila od leta 2012 
do konca leta 2016 opazno povečal, tako kot skupni 
svetovni izvoz oblačil in obutve.
V času globalizacije se podjetja odločajo delovati v 
mednarodnem okolju, ki prinaša priložnosti in izzive 
hkrati [2]. Globalizacija po eni strani odpira nov trg, 
po drugi pa je resen izziv v zvezi z marketinško stra-
tegijo. V zadnjih dveh desetletjih je internacionaliza-
cija poslovanja v tekstilni in modni industriji postala 
eden odločilnih dejavnikov rasti podjetij v tej gospo-
darski panogi, ki se bojujejo med seboj in na najraz-
ličnejše načine poskušajo najti pot do tujih trgov. Me-
hanizmi, ki jih podjetja izberejo za vstop, razvoj in 
distribucijo svojih blagovnih znamk, lahko temeljijo 
na klasičnem izvozu, franšizingu, skupnih vlaganjih z 
lokalnimi podjetji, licenčnih aranžmajih, ustanavlja-
nju lastnih podružnic ipd. Izbor je odvisen od poseb-
nosti lastnine podjetja in vrednosti blagovne znamke, 
fi nančne zmožnosti podjetja, mednarodnih izkušenj, 
nujnih za poslovanje na tujih trgih, ter lastnosti tuje 
države v smislu odnosa demografskega in nakupoval-
nega potenciala ter prednosti, ki jih kupci kažejo na 
lokalnem trgu in ki so predstavljene v tem prispevku.
Glede na to, da se trg čedalje bolj segmentira, se kot 
eno temeljnih načel trženja »podjetja skladno s pri-
zadevanji za boljšo osredinjenost« [3] osredinijo na 
kupce, pri katerih je največ možnosti za zadovoljstvo 
[4]. Sektor modne maloprodaje v tem primeru omo-
goča relevanten kontekst, pri čemer je paradoksalni 
izziv za koncept segmentacije v širjenju heterogeno-
sti, ki naj bi jo ta pristop presegel. Modni trg že po 
svoji naravi karakterizira nestabilno povpraševanje 
in to, da dejavniki, kot so starost, osebni dohodek, 
življenjski slog in kultura, vplivajo na specifi čen frag-
mentiran tržni kontekst [5]. Hofstede [6] poudarja, 
da je »delo v vsaki državi drugačna igra z različnimi 
pravili«. Ta »pravila« so po Hofstedu in drugih av-
torjih [6−8] tesno povezana z lokalno kulturo.
Potrošniki sodobnih mоdnih oblačil so predvsem 
dоbrо infоrmirаni in zаhtеvnejši pri svojih pričako-
vanjih. Ni več naloga mode zadovoljiti еstеtsko 

kоmpоnеnto, temveč morajo biti mоdni izdelki ka-
kovostni, lеpi, prаktični, morajo оdrаžаti osebnost 
kupcа, njegov poklic in nаčin življenja, njegovo 
fi lоzоfi јo [9].
Odločitev o nakupu oblačil je prej temeljila na 
real nih potrebah potrošnikov in razpoložljivih fi -
nančnih sredstvih [10], v novem tisočletju pa je 
namen nakupa obleke (z blagovno znamko) pogo-
sto ustvariti poseben videz oz. izbrati želeno iden-
titeto v simboličnih vrednostih, s čimer se zadovo-
ljijo potrebe, ki niso v neposredni zvezi z nakupom 
oblačil [11]. “Ljudje pogosto sami sebe opredelijo 
glede na to, kaj imajo” [12]. Poleg tega je nakupo-
vanje pomemben vidik vsakdanjega življenja. 
Obisk trgovskih centrov in trgovin je za mnoge 
postal več kot nujna obveznost, gre za dodatno de-
javnost za prosti čas in druženje. Zato neko mod-
no podjetje ne more uspeti brez podrobnih infor-
macij o trgu, na katerem nastopa, ne samo v smislu 
njegovih trenutnih potreb, temveč tudi v smislu 
napovedi tržnih gibanj na srednjeročni, če je mo-
goče, pa tudi na dolgoročni ravni. V prispevku 
bodo le-ti predstavljeni skozi analizo sedanjega 
položaja in napovedi za naprej.
Na porabo v segmentu FMCG (Fast Moving Consu-
mer Goods ‒ blago za široko porabo) vpliva več raz-
ličnih dejavnikov, kot so: splošen gospodarski in 
fi nančni položaj države, položaj v gospodarski pa-
nogi, struktura in fi nančna moč potrošnikov, so-
ciološki in kulturološki vplivi na porabo itd. V tem 
pogledu je Republika Srbija v posttranzicijskem ob-
dobju, za katerega sta značilna nezadosten splošen 
gospodarski razvoj in nestabilno fi nančno okolje. 
Da pa Srbiji le gre na boljše, kažejo naslednji podat-
ki iz leta 2018. Kot kažejo viri Narodne banke Srbije 
[13] in poročilo Republiškega zavoda za statistiko 
[14], ima Srbija 3,8-odstotno rast BDP. V poročilu 
Narodne banke Srbije je navedeno, da sta k rasti 
BDP pripomogli rast investicij in porabe in rast iz-
voza. Investicije rastejo, čeprav je poročilo Svetov-
nega ekonomskega foruma [15] Srbijo uvršča na vi-
soko drugo mesto med državami s tveganimi 
naložbami v letu 2017, saj je Srbija dosegla največ 
naložb od leta 2010 naprej.
H1: Čeprav je uradno povprečni neto zaslužek v RS 
(po podatkih Zavoda za statistiko Republike Srbije 
okoli 460 evrov) [16] bistveno manjši kot v okoli-
ških državah, ki so članice EU, povprečen prebiva-
lec RS za tekstil in oblačila porabi znatno vsoto gle-
de na povprečni dohodek.
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»Trenutni trendi v razvoju maloprodaje, ki so 
pos ledica globalizacije, zahtevajo redistribucijo 
potroš niškega proračuna z visokomarginalne of-
fl ine potrošniške košarice na nizko maržo spletne 
potrošniške košarice, ki spodbuja ne samo potrebo 
po transformacijah v menedžmentu, temveč tudi 
študije obnašanja potrošnikov« [17]. Kupci se če-
dalje pogosteje odločajo za spletne nakupe in ljudje 
čedalje pogosteje naročajo izdelke po spletu. To po-
trošnikom omogoča preprosto izbiro želenega iz-
delka in dostavo na domači naslov v sorazmerno 
kratkem času, kar je značilno za nakupe, za katere 
se radi odločajo mladi kupci. Ženske so bolj nag-
njene k sledenju modnim novostim in modnim 
smernicam [18], zato pričakujemo, da ženske po-
gosteje kot moški pokažejo večje zanimanje za 
obleko in so bolj nagnjene k modni ozaveščenosti 
[19, 20]. Poleg tega so ženske bolj naklonjene 
stereo tipom v zvezi z modnimi izdelki [21]. Mlajši 
potrošniki so pod večjim vplivom mode [22]. Radi 
preskušajo nove izdelke in so naklonjeni znanim 
blagovnim znamkam ter so manj občutljivi pri ceni 
[23]. Ravno tako mladi na splošni ravni več uporab-
ljajo splet kot pa starejši potrošniki, kar se pozna 
pri številu nakupov po spletu [24]. Na podlagi prej-
šnjih raziskav predlagamo naslednjo hipotezo:
H2: Ženske in mladi v RS so bolj pozorni na oblači-
la z blagovnimi znamkami in jih kupujejo več kot 
druge skupine.
»Najuspešnejše blagovne znamke bodo na ustrezen 
način predstavile generacijsko potrebo po individua-
lnosti, pa tudi čas in dogodke v družbi. Toda, ko vsa-
ka generacija doseže določena leta, so potrebe zelo 
podobne, kar vodi k različnemu oglaševanju za vsa-
ko generacijo, toda s podobnimi izdelki« [25]. Na 
splošno so pričakovanja od nakupa in blagovnih 
znamk pri starejših in mlajših kupcih različna. Sta-
rejši potrošniki se manj zavedajo novosti, saj kažejo 
več rutinskega obnašanja, imajo raje stalne blagov-
ne znamke in so manj pripravljeni preizkušati nove 
izdelke [26]. Starejši potrošniki so tudi manj naklo-
njeni k iskanju novih informacij [27]. Starejši, sa-
mozavestni potrošniki, v nasprotju z mladimi dru-
gače razumejo nakup oblačil. Ne želijo se 
odpovedati dobrim oblačilom in drugim modnim 
detajlom, od katerih pričakujejo funkcionalnost, 
praktičnost, primernost za lasten življenjski slog. 
[28]. Na tej podlagi je nastala tretja hipoteza:
H3: Starejši potrošniki v Republiki Srbiji redkeje ku-
pujejo oblačila z blagovnimi znamkami po spletu.

2 Metode

Raziskava je bila izvedena v septembru 2018 in gle-
de na izkazano potrebo so avtorji sodelovali z Gos-
podarsko zbornico Srbije (v prejšnjih tridesetih le-
tih v Srbiji ni bilo podobnih raziskav). Cilj raziskave 
je bil dobiti odgovore na več vprašanj, med katerimi 
navajamo najpomembnejša:
Kje prebivalci Srbije najpogosteje kupujejo oblačila? 
Kako pogosto gredo po nakupih? Koliko na mesec 
za to porabijo in kaj je zanje pri kupovanju gardero-
be najpomembnejše? Cilj raziskave je bil tudi defi -
nirati skupine potrošnikov glede na njihove želje in 
navade, ne glede na demografske spremenljivke, ki 
jih povezujejo ali ločujejo.
Raziskava je bila po svoji naravi kvantitativna in 
je bila izpeljana skozi strukturirani vprašalnik, 
kot instrument za zbiranje primarnih podatkov v 
raziskavi, ki so zajemali vprašanja v zvezi s socio-
demografskimi podatki o izpraševancu, skupino 
vprašanj, ki so hkrati pomenila odvisne spremen-
ljivke. Anketirani so bili samo polnoletni prebi-
valci, razdeljeni v tri starostne kategorije: mladi 
(18−34 let) ‒ 208 vprašanih, srednjih let (35−54 
let) ‒ 241 vprašanih, ter starejši (55 let in več) ‒ 
51 vprašanih, razmerje med ženskami in moški-
mi pa je bilo 266 proti 234, medtem ko je geo-
grafska spremenljivka pomenila naseljenost štirih 
regij: Beograd, severna Srbija ‒ Vojvodina, jugo-
vzhodna Srbija in osrednja ter zahodna Srbija. 
Anketo so opravili strokovnjaki s pomočjo CATI-
tehnike (Computer Assissted Telephone Inter-
viewing). Med drugim so vprašani na sedemsto-
penjski lestvici Likertovega tipa ocenjevali, koliko 
je pri nakupu garderobe zanje pomemben vsak 
od naslednjih vidikov: cena, kakovost, blagovna 
znamka, dizajn in praktičnost (udobnost, značil-
nosti blaga ipd.).
Da bi dobili podrobnejši vpogled v identifi cirane 
skupine potrošnikov, so bile testirane razlike med 
tremi skupinami vprašanih pri njihovih sociode-
mografskih značilnostih, potrošniškem obnašanju, 
nakupovalnih navadah in spletnih nakupih. Poka-
zale so se razlike na ravni spola, osebnih dohod-
kov in stopnje naložb v nakup oblačil skupaj s 
spletnimi nakupi.
Nazadnje je bila opravljena analiza korespondence, 
da bi oblikovali integrirano vizualno podobo po-
trošniških skupin. V analizo so bile vključene vse 
spremenljivke, ki so pomembno ločile tri skupine 
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vprašanih. Pri spremenljivkah, ki so numerične 
(sedemstopenjska lestvica Likertovega tipa), je 
bila takole opravljena transformacija v kategorič-
ne spremenljivke: seštevki za vsako numerično 
spremenljivko so bili izračunani kot seštevek 
vprašanih, ki so pri določeni spremenljivki dali 
največ dve oceni (6 in 7). Glede na to, da so se 
raziskane numerične spremenljivke nanašale 
samo na oceno pomembnosti različnih vidikov 
nakupa, so bili tako izbrani anketiranci, ki meni-
jo, da je določen vidik nakupa pomemben ali zelo 
pomemben.

3 Rezultati in razprava

Raziskava je pokazala, da nekaj več kot polovica 
prebivalcev Srbije najpogosteje kupuje v blagovnih 
trgovinah z blagovnimi znamkami (53,2 %), tretjina 
pa kupuje v manjših lokalnih trgovinah in butikih, 
ki ne ponujajo izdelkov z blagovnimi znamkami. 
Skupaj okoli 16 % prebivalcev daleč največ kupuje v 
trgovinah z rabljenim blagom, na tržnicah in na 
drugih mestih, kot je razvidno iz slike 1. S stališča 
modne industrije je to glede na povprečno kupno 
moč prebivalcev kar soliden rezultat.

Slika 1: Pregled odgovorov na vprašanje, kjer ljudje najpogosteje kupujejo
Figure 1: Answer distribution to question where the purchase is made most commonly

Slika 2: Porazdelitev odgovorov glede na pogostnost nakupov
Figure 2: Distribution of answers regarding purchase frequency
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Ni pa tako obetavna frekvenca nakupov: manj kot 
petina prebivalcev (17,6 %) kupuje večkrat na mesec, 
največ pa jih kupuje enkrat na mesec (39,6 %) ali na 
tri do šest mesecev (36,3 %). Slika 2 daje natančen 
vpogled v vse defi nirane kategorije kupcev oblačil v 
Republiki Srbiji. Vendar domnevamo, da ta prevla-
dujoči del vzorca, tri četrtine (39,6 in 36,3 %) opravi 
večje nakupe takrat, ko so v trgovinah večji popusti, 
kar bodo avtorji ugotavljali v prihodnji raziskavi.
Zanimivi so rezultati, povezani z mesečno porabo: 
veči na potrošnikov v Srbiji porabi do 42,50 evra ‒ 
58,7 %, več kot četrtina (26,8 %) porabi od 42,50 evra 
do 85 evrov na mesec (26,8 %), kar kaže slika 3 zgoraj.

Slika 4 kaže preference prebivalcev Srbije pri kupo-
vanju oblačil v tujini.

Slika 3: Porazdelitev odgovorov glede na mesečno porabo
Figure 3: Distribution of answers regarding monthly consumption

Slika 5: Razdelitev odgovorov glede na države, v katerih kupujejo
Figure 5: Distribution of answers regarding countries where clothes are purchased

Slika 4: Porazdelitev odgovorov glede na kraj nakupa
Figure 4: Distribution of answers regarding purcha-
se location
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Ob tem je petina vprašanih, ki oblačila kupujejo v 
tujini, navedla bližnje države, med katerimi izstopa-
jo tiste, ki so navedene na sliki 5.
Da bi ugotovili, ali je mogoče izločiti skupine potro-
šnikov glede na vidike nakupov, katerim pripisujejo 
večji pomen, je bila izvedena hierarhična analiza sku-
pin. Na podlagi dendograma je bila izbrana rešitev s 
tremi skupinami, ki se med seboj najbolj razlikujejo 
na podlagi pomembnosti omenjenih vidikov nakupa.
Multivariacijska analiza variance je potrdila, da se tri 
skupine potrošnikov bistveno razlikujejo v vseh vi-
dikih nakupa (V = 1,09 F(10, 988) = 119,9, p = 0,00). 
Na sliki 6 so povprečne vrednosti treh skupin vpra-
šanih predstavljene skozi Likertonovo lestvico (z od-
govori, navedenimi na lestvici 1‒7, kjer 1 pomeni 
najmanjše soglašanje s trditvijo, 7 pa največje).
Za prvo skupino vprašanih imajo blagovne znamke 
opaz no najmanjši pomen: M (sredina) = 1,4, SE (sta-
tistična napaka) = 0,10) in gre za vidik, kjer se tri sku-
pine najbolj razlikujejo. Skoraj vsi pripadniki prve 
skupine navajajo, da je zanje praktičnost izjem no po-
membna (M = 6,8, SE = 0,08), čeprav se jim zdijo zelo 
pomembni tudi drugi vidiki nakupa. Po drugi strani 
druga skupina potrošnikov izstopa s tem, da so zanje 
blagovne znamke najpomembnejše (M = 4,8, SE= 
0,07), čeprav je sama blagovna znamka v primerjavi z 
drugimi vidiki najmanj pomembna za potrošnike ne 
glede na skupino, v katero spadajo. V drugi skupini 
vprašanih so vsi vidiki nakupa zelo pomembni, v tre-
tji pa so težnje nasprotne. Z izjemo blagovne znamke 

so vsi drugi vidiki najniže ocenjeni, če to primerjamo 
s prvo in drugo skupino vprašanih.
Na sliki 7 je predstavljena analiza korespondence za tri 
skupine vprašanih, katerim so v tej fazi dana imena.
Na podlagi navedenih analiz je v nadaljevanju pred-
stavljen opis vsake od treh identifi ciranih skupin 
vprašanih.

Pragmatiki
To je prva skupina vprašanih, za katere so blagovne 
znamke najmanj pomembne. Poleg tega je za te po-
trošnike ob nakupu najpomembnejša praktičnost, 
oziroma udobnost, značilnosti blaga in podobno. V 
skladu s pragmatičnostjo in na splošno majhno za-
interesiranostjo za oblačila blagovnih znamk je ta 
skupina vprašanih nagnjena h kupovanju v trgovi-
nah brez blagovnih znamk ali trgovinah z rabljeni-
mi oblačili. Poleg tega nakupovalni turizem ni tako 
značilen za praktične, ti oblačila pogosteje kupujejo 
v svojem kraju in okolici. Drugi vidiki ob nakupu, 
kot so dizajn, kakovost in cena, so zanje tudi po-
membni, toda ne toliko kot praktičnost. Zanimivo 
je, da se v tej skupini potrošnikov pogosteje najdejo 
ženske kot moški. To so zelo skrbni potrošniki, ki 
ob nakupu upoštevajo vse vidike in si prizadevajo, 
da bi po ugodni ceni dobili čim boljša in kakovost-
na oblačila. Več kot pol vzorca je žensk (62 %), sta-
rih od 35 do 54 let (53 %). Druga najštevilnejša sku-
pina so osebe, stare od 18 do 34 let (39 %). Enako je 
zastopan ta segment v vseh krajih, več kot pol pa je 

Slika 6: Povprečna vrednost treh skupin vprašanih na podlagi pomembnosti različnih vidikov nakupa na Li-
kertonovi lestvici (vrednosti 1–7)
Figure 6: Average value of three clusters of respondents based on importance of various purchase aspects on a 
Likert scale (1–7)
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stalno zaposlenih (61 %) in z višjo izobrazbo (65 %) 
ter imajo povprečno kupno moč.
Nakupi po spletu pri praktikih še vedno ne prevla-
dujejo, čeprav uporabljajo družbena omrežja. Polo-
vica jih je kdaj kupila kakšno oblačilo po Face-
booku, preostali pa ponudbe na družbenih omrežjih 
ne spremljajo ali pa je niti niso videli.

Naklonjeni blagovnim znamkam
Naklonjeni blagovnim znamkam so potrošniki, za 
katere so nakupi sestavni del življenjskega sloga in 
jih opravljajo po različnih kanalih komunikacije ter 
na različnih prodajnih mestih. Osrednja značilnost 

te skupine je, da cenijo tiste blagovne znamke, ki 
lahko pomembno vplivajo nanje ob nakupu oblačil, 
in prav ti najpogosteje obiskujejo trgovine z blagov-
nimi znamkami. Za to skupino potrošnikov so po-
membni vsi vidiki nakupa, vendar so poleg blagov-
nih znamk še zlasti pozorni na kakovost oblačil. 
Zanimivo je, da je med ljubitelji blagovnih znamk 
približno enako število moških in žensk. Poleg tega 
je to skupina potrošnikov, ki ima najpogosteje več jo 
kupno moč in v povprečju za nakup obleke porabi 
več denarja kot drugi potrošniki. Glede na pozor-
nost, ki jo kupci, naklonjeni blagovnim znamkam, 
namenjajo nakupu in oblačilom z blagovnim 
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Slika 7: Razsevni diagram preproste korespondenčne analize ‒ prikaz profi lov treh skupin anketirancev
Figure 7: Random diagram of simple correspondence analysis – View of profi les of three groups of respondents
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znamkami, lahko domnevamo, da se v tej skupini 
najdejo tudi »impulzivni potrošniki«.
Pogosto se zdi, da je veliko ljudi, ki kot kupci čutijo 
potrebo, da so nekaj posebnega [9]. Kupci, naklonje-
ni blagovnim znamkam, so privrženi tudi nakupo-
valnemu turizmu in zato najpogosteje zaradi nakupa 
oblačil obiskujejo druge kraje v Srbiji, ali pa gredo 
kupovat celo v tujino. Pričakovano so kupci, naklo-
njeni blagovnim znamkam, v največ jem številu izja-
vili, da kupujejo po spletu, in sicer predvsem po Fa-
cebooku, ko gre za nakup na družbenih omrežjih.
V tej skupini je enaka zastopanost moških in žensk, 
pol potrošnikov je starih od 35 do 54 let (48 %). 
Enaka je tudi zastopanost ljubiteljev tržnih znamk v 
vseh regijah. Pri socioekonomskem statusu gre naj-
pogosteje za povprečno raven (31 %) ali raven, ki je 
malo nad povprečjem ‒ 33 %. Največ ljubiteljev bla-
govnih znamk je stalno zaposlenih (56 %), z viso-
ko (63 %) ali srednjo izobrazbo (32 %).

Nezainteresirani
To so pogosteje pripadniki moškega spola z načelo-
ma nižjimi osebnimi dohodki glede na potrošnike, 
ki imajo raje oblačila z blagovnimi znamkami. Kot 
pove že samo ime, le-ti kažejo najmanjšo zainteresi-
ranost za nakup oblačil in povprečno porabijo do 85 
evrov na leto. V skladu s slabo zainteresiranostjo za 
nakupovanje se jim skoraj vsi vidiki nakupa zdijo 
manj pomembni kot ljubiteljem blagovnih znamk 
in potrošnikom, usmerjenim v praktičnost. Če pa 
primer jamo ocenjevanje različnih vidikov nakupa, 
sta za nezainteresirane potrošnike cena in praktič-
nost najpomembnejša.
Blagovne znamke in trgovine z blagovnimi znamka-
mi imajo za to skupino potrošnikov opazno manjši 
pomen, saj pogosteje kupujejo v trgovinah brez bla-
govnih znamk in na tržnici. Nezainteresirani potro-
šniki so tudi najbolj oddaljeni od spletnega nakupa 
in glede na drugi dve skupini vprašanih najpogoste-
je niso kupovali po spletu in niso opazili ponudb na 
družbenih omrežjih.
V tem segmentu potrošnikov je nekaj več moških 
(58 %) kot žensk (42 %), starih od 18 do 34 let (46 %) 
in od 35 do 54 let (42 %). V glavnem imajo povpreč-
ne dohodke, tako kot praktični potroš niki (38 %). 
Polovico skupine tvorijo stalno zaposleni (51 %) z vi-
soko (56 %) ali srednjo izobrazbo (38 %). Kar polovi-
ca nezainteresiranih milenijcev prihaja iz Beograda.
Na podlagi navedenega in analize korespondence lah-
ko sklepamo, da imajo nezainteresirani uporabniki 

skupne značilnosti s prvo skupino potrošnikov gle-
de pomembnosti, ki velja za pragmatičnost, pa tudi 
nagnjenosti h kupovanju v trgovinah brez blagov-
nih znamk, na tržnicah in sploh glede na to, da po-
rabijo manj denarja kot ljubitelji blagovnih znamk. 
Razlika med obema skupinama vprašanih je v dej-
stvu, da ti potrošniki načeloma niso zainteresirani 
za nakupe in jim ne pripisujejo tolikšnega pomena 
kot praktični potrošniki.
Analiza vseh treh skupin kaže, da povprečna iz-
obrazba ne vpliva na uvrščenost v skupino ter da je 
pri nakupu oblačil z blagovnimi znamkami izražen 
ekonomski status.

3.1 Nakupi po svetovnem spletu
Po Eurostatu so se v EU-28 v letu 2017 po spletu 
najpogosteje kupovala oblačila in športno blago 
(64 %), turistične in praznične namestitve (53 %), 
gospodinjski pripomočki (46 %), vstopnice za do-
godke (39 %) ter knjige, revije in časopisi (34 %). 
Od petih e-kupcev je manj kot eden kupil teleko-
munikacijske storitve (19 %), računalniško opre-
mo (18 %), zdravila (13 %) in učno gradivo (6 %).
Po raziskavah [29] je v Srbiji nekaj več kot pol upo-
rabnikov spleta (57 %) imelo izkušnje z nakupom 
oblačil po spletu. Med spletnimi kupci večinoma vsak 
drugi naroči oblačila prek domačih spletnih strani, 
okoli 15 % pa jih ima raje tuje spletne strani. Glavni 
trije razlogi, zaradi katerih srbski spletni uporabniki 
raje kupujejo prek tujih spletnih strani, so: te ponujajo 
izdelke, ki jih ni mogoče kupiti v Srbiji, ali pa več iz-
delkov in storitev in ugodnejše cene. Pri lokalnih sple-
tnih straneh je velika večina srbskih spletnih kupcev 
(75 %) bolj zainteresirana za kupovanje na spletnih 
straneh Limundo, Kupindo, Kupujem-Prodajem itn. 
Ti kupujejo oblačila, obutev in športno opremo. Med 
najpogostejšimi razlogi tistih, ki ne kupujejo po sple-
tu, je strah, da bodo dobili napačen izdelek, a raziska-
ve kažejo, da je bila velika večina vprašanih v obeh le-
tih zelo zadovoljna z nakupom na spletu, več kot 90 % 
uporabnikov ni imelo težav s spletnimi nakupi. Samo 
15 % vprašanih v letu 2016 in 18 % v letu 2018 je iz-
koristilo možnost za pritožbo ali zamenjavo izdelka.
Udeleženost po starostnih skupinah je predstavljena 
v preglednici 1.
Kot vidimo, samo 10 % potrošnikov od tistih, ki so 
kupovali po spletu, spada v tretjo starostno skupino 
(stari 55 let ali več). Generacija Y je prva generacija, 
ki je zrasla na valu uvajanja in uporabe digitalne 
tehnologije in komunikacij. Dejstvo je, da je treba 
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razumeti, kdo so milenijci in zakaj mislijo in deluje-
jo drugače kot starejša generacija, ko gre za komu-
nikacijo, obnašanje pri nakupih in odločanje. Raz-
voj industrijske tehnologije vodi v hitrejši razvoj 
generacij, vsaka generacija pa kaže posebnosti svo-
jega obdobja. [30].
Prednostni način plačevanja je bilo za štiri od petih 
spletnih kupcev v Srbiji plačevanje z gotovino, le vsak 
peti kupec pa je plačeval s plačilnimi karticami ‒ 
spletni kupci se raje odločijo za plačevanje z gotovi-
no, ker so prepričani, da je to najvarnejši način pla-
čevanja, plačilne kartice pa imajo za najlažji in 
najhitrejši način plačevanja [29].
Zaradi pomanjkanja denarja ali različnih načinov in 
navad potrošnikov je v zadnjih letih opazen trend 
odpiranja čedalje večjega števila trgovin z rabljenim 
blagom. Vsaka četrta oseba pravi, da vsaj tu in tam 
kaj kupi v tovrstnih trgovinah, podobno pogosto pa 
je kupovanje oblačil, ki se prodajajo na tržnicah. 
Vendar je prebivalcev, ki si tako kupujejo oblačila, 
verjetno še več.

Omejitve pri raziskavi
Spletno testiranje ima kot način zbiranja primarnih 
podatkov, pri katerem sodelujoči sami odločajo, ali 
bodo sodelovali ali ne, ne glede na solidno ugotov-
ljeno reprezentativnost vzorca tudi vrsto omejitev. 
Čeprav so te omejitve precejšnje, menimo, da se za-
radi števila vprašanih pridobljeni rezultati lahko 
obravnavajo kot zelo indikativni za dobljene sklepe.
Optimalna raziskava bi morala biti kombinacija 
kvantitativnih in kvalitativnih raziskovalnih metod 
z zavestjo o zoperstavljanju različnim predsodkom, 
namesto da se domnevno raziskuje brez pristran-
skosti. Zato nameravajo avtorji to raziskavo ponovi-
ti ter dodati kvalitativne metode, kot so fokusne 

skupine in globinski intervjuji s predstavniki interes-
nih skupin v tekstilni industriji.

4 Sklep

Če na podlagi dostopnih podatkov primerjamo, ko-
liko povprečno prebivalec Srbije letno porabi za 
oblačila, je podobna poraba na Hrvaškem [31] in 
Madžarskem, čeprav je povprečni zaslužek v omen-
jenih dveh državah v povprečju enkrat višji. S tem 
se v celoti potrjuje prva hipoteza, ki hkrati dokazuje 
dobro poslovno vzdušje za tuje izvoznike ne glede 
na uradno relativno nizke dohodke. V tem pogledu 
prispevek daje tudi podatke o potencialu, ki jih vidi-
jo tuji investitorji v obliki tekstilnih industrij in v 
državah v okolici, ki so velike proizvajalke oblačil 
(Italija, Avstrija, Romunija), kajti 95 % tekstilnega 
blaga je v Srbiji uvoženega [10], in potrjuje možnosti 
srbskega trga oblačil, ko gre za uvoz. Po podatkih 
Gospodarske zbornice Srbije iz leta 2017, za obdob-
je petih let, je uvoz tekstila, oblačil, usnja in obutve 
od leta 2012 (691 milijonov evrov) do leta 2016 
strmo naraščal po približno 10-odstotni stopnji, na 
1041 milijonov evrov.
Hipoteza 2 je samo delno potrjena, in sicer za mlade, 
kar je presenetljivo, rezultati pa kažejo, da starejši 
enako cenijo blagovne znamke (toda zagotovo bolj 
tiste, ki so vtisnjene v njihovo zavest, kot dolgotraj-
na potrošniška izkušnja), saj ženske pomenijo 62 % 
segmenta praktičnih potrošnikov ‒ tistih, ki se nič 
kaj dosti ne ozirajo na blagovne znamke, temveč da-
jejo prednost udobnosti oblačil in lastnostim blaga. 
Potrditev dela hipoteze se ujema z raziskavo, ki jo je 
izvedla Ostojićeva in po kateri se mlajšim po-
trošnikom (19−35 let) zdi najpomembnejši prestiž, 
in to, da je blagovna znamka ime, ki je znano 

Preglednica 1: Udeleženost po starostnih skupinah
Table 1: Collaboration by age groups

Ste kupovali 
oblačila na 

spletu?/Have you 
bought clothes 

online?

Obkrožite starostno kategorijo/Age category

18−34 35−54 55 in več/55 and 
more Skupaj/Total

Št./
Count [%] Št./

Count [%] Št./
Count [%] Št./

Count [%]

Da/Yes 122 58.7 144 59.8 20 39.2 286 57.2
Ne/No 86 41.3 97 40.2 31 60.8 214 42.8
Skupaj/Total 208 100.0 241 100.0 51 100.0 500 100.0
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širokemu krogu ljudi, ter da se s sprejemanjem 
mode želijo postaviti v družbi [10, 31]. S tem je zan-
ikan prvi del tretje hipoteze, drugi pa je dokazan z 
izjemno majhnim deležem starejših potrošnikov pri 
spletnih nakupih (10 %).
V prihodnjih raziskavah na tem področju bi lahko 
obravnavali dodajanje drugih relevantnih mar ke-
tinških spremenljivk, ravno tako pa bi bilo zaželeno 
opraviti podrobno primerjavo z državami v regiji, ki 
imajo podobno demografi jo. Poleg tega naj bi inves-
titorji na tem področju v zvezi z globljim vpogle-
dom razmislili o skladnosti lastnih proizvodnih 
progra mov in imidžu blagovnih znamk v povezavi s 
pre vla dujočimi blagovnimi razmerami na trgih, na 
katere name ravajo vstopati ali na katerih namerava-
jo povečati naložbe, saj se je delitev evropskega trga 
na skupine držav izkazala kot pragmatičen način 
obravnavanja razlik in podobnosti [32].
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1 Introduction

Th e characteristic parameters of the seam are its 
strength, puckering, stiff ness, appearance and effi  -
ciency [1]. According to many researchers [2], there 
are various factors aff ecting the seam quality, e.g. 
sewing thread, sewing condition etc. However, the 
sewing thread size is the most crucial factor for the 
apparel seam stability, as an improper use of the seam 
thread size aff ects directly the seam quality of appar-
el. A good sewing thread should give satisfactory 
sewing and seam performance. Th e sewing perform-
ance of threads is generally assessed by studying the 

dynamic tension and the strength reduction of the 
thread [3, 4]. During the sewing, the needle thread is 
subjected to friction and tensile, bending, compres-
sive, shear and surface stresses while passing through 
the machine elements and fabric assembly, leading to 
the loss in strength [5, 6]. Th e extent of strength re-
duction is a function of the magnitude of stresses 
acting on the threads and their ability to withstand 
the degrading eff ect of stresses [7]. Th e reduction in 
thread strength is a consequence of changes in the 
mechanical properties of fi bres, of dynamic loading 
and/or of the changes in the thread structure [8]. 
Various researchers have observed that the extent of 
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Abstract
Needle thread loses signifi cant strength when incorporated into the seam. The needle thread being weak-

er tends to fail under load which results in a catastrophic failure of the seam. The use of a lower linear den-

sity bobbin thread is suggested in order to balance out the loss in the needle thread, which can help im-

prove the production effi  ciency without compromising the seam strength. In this paper, four combinations 

of needle/bobbin threads are used at various process parameters to study the impact of a lower linear den-

sity bobbin thread on the seam strength. The seam strength prediction in such an asymmetrical combina-

tion of the needle and bobbin thread is also a subject of exploration in this paper as previous research has 

only taken place in an ideal situation where the same needle and bobbin threads were used.

Keywords: seam strength, loop strength, thread strength loss, stitch density

Izvleček
Igelna nit izgubi precejšen del trdnosti, ko je vgrajena v šiv. Pod vplivom obremenitve se bo igelna nit z nižjo trd-

nostjo prej pretrgala, kar lahko povzroči katastrofalen pretrg šiva. Pri uporabi čolnične niti z manjšo dolžinsko maso 

bi bile uravnotežene poslabšane lastnosti igelne niti, kar bi pripomoglo k izboljšanju učinkovitosti proizvodnje, ne 

da bi se pri tem poslabšala trdnost šiva. Članek proučuje vpliv manjše dolžinske mase čolnične niti na trdost šiva 

pri uporabi štirih različnih kombinacij igelnih in čolničnih niti in pri različnih procesnih parametrih. Predmet te raz-

iskave je tudi napovedovanje trdnosti šiva pri uporabi različnih kombinacij igelnih in čolničnih niti, saj so bile do-

sedanje raziskave izvedene pri idealnih pogojih, ko sta čolnična in igelna nit enaki.

Ključne besede: trdnost šiva, trdnost zanke, izguba trdnosti niti, gostota šiva
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these stresses and friction is higher on the needle 
thread as compared to the bobbin thread. A typical 
cotton sewing thread may show a 20–30% loss in 
the needle thread as compared to the 8–10% loss in 
the bobbin thread depending upon various process 
parameters [5]. Due to diff erent losses in the needle 
and bobbin thread during the sewing, the needle 
thread becomes weaker and may fail under these 
stresses, resulting in seam failure. Further, the im-
balance in the strength of the needle thread and 
bobbin thread is expected to aff ect the seam strength 
as well. Th erefore, in this paper, cotton and polyes-
ter threads with lower linear density were used as 
the bobbin thread, whereas cotton and polyester 
threads with higher linear density were used as the 
needle thread. It is expected that the needle thread 
loses more strength during the sewing; therefore, 
the needle thread strength aft er the sewing should 
match the bobbin thread strength aft er the sewing. 
Th e use of a lower linear density thread gives higher 
length of the thread in the bobbin, which conse-
quently reduces the frequency of bobbin changes. 
Moreover, the seam strength prediction can also be 
improved by understanding the role of these stress-
es during the sewing process.

2 Materials and methods

Mercerized spun cotton thread of linear density 30 tex, 
40 tex and 60 tex, and spun polyester thread of linear 
density 27 tex, 40 tex and 60 tex were used to prepare 
seams on 250 g/m2 and 350 g/m2 denim fabric with 
right hand twill (100% cotton) at diff erent stitch densi-
ties, i.e. 8, 10 and 12 stitches/25.4 mm. Th e threads are 
characterized with the number of plies, twist direction, 
and twist and tensile properties as shown in Table 1.
Th e physical properties of fabrics are shown in Ta-
ble 2. Th e breaking strength of the fabric was tested 
warp-wise as per ASTM D 5035(Strip test) on a Ti-
nius Olson universal testing machine. Th e trans-
verse seam strength was tested warp-wise in line 
with ASTM D1683.
Th e sewing thread tensile test was conducted on a 
universal testing machine (Tinius Oleson) at the 
gauge length of 250 mm according to the ASTM 
standard D2256 using the test speed which corre-
sponds to 20 s breaking time. Th e sewing threads 
were also tested for loop strength in accordance 
with the ASTM standard D2256 at the 250 mm 
gauge length. Th e loop strength testing was done 
for diff erent combinations of loops formed using 

Table 1: Physical properties of sewing threads

Th read type
Linear 
density 

[tex]

Number 
of plies

Twist 
direction: 
single/ply

Twist 
[1/m]

Tenacity 
[cN/tex]

Breaking 
elongation 

[%]

Initial 
modulus 
[cN/tex]

Spun cotton 30 3 S/Z 840 25.7 5.15 586
40 3 S/Z 707 33.2 7.18 546
60 3 S/Z 597 31.4 7.95 366

Spun polyester 27 2 S/Z 689 20.9 14.22 205
40 2 S/Z 711 36.9 14.68 154
60 2 S/Z 590 34.9 17.01 132

Table 2: Physical properties of fabrics

Fabric 
density 
[g/m2]

Weave 
pattern

Fabric 
thickness 

[mm]
Ends/cm Picks/cm

Warp 
linear 

density 
[tex]

Weft  
linear 

density 
[tex]

Fabric 
strength 

[N]

250 2/1 RHTa) 0.67 25.98 18.11 49.16 49.16b) 328.55
350 2/1 RHTa) 0.82 27.16 18.11 65.55 65.55b) 395.29

a) Right hand twill
b) Open-end yarn
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threads of diff erent linear densities as shown in 
Table 3. Th e statistical t-test at 95% confi dence lev-
el was performed for loop strength. A Juki indus-
trial lockstitch sewing machine was run at the 
speed of 3000 stitches/min for the seam prepara-
tion using diff erent linear densities of threads in 
the needle and bobbin as shown in Table 3. Th e 
seam strength testing was carried out as per ASTM 
standard 1683. Th e fabrics were stitched along the 
warp direction, which is the most common for 
garment seams. Moreover, the statistical t-test at 
95% confi dence level was conducted for seam 
strength (Table 3).
Th e thread profi le in the seam resembles a loop and 
tends to have a similar failure mechanism; hence, 
the seam strength was calculated by multiplying the 
loop strength of threads and the number of loops 
that contribute to the seam strength. Th e seam 
strength prediction was done for all the thread com-
binations using equation 1 [5]. It was then com-
pared with the experimental seam strength (Figures 
1a and 1b).

Estimated seam strength (N) = Stitch density 
(stitches/25 mm) × Loop strength (N) (1)

3 Results and discussion

3.1 Eff ect of linear density of threads on 
 thread loop strength
Table 3 shows the seam strength values for two dif-
ferent types of fabrics using diff erent needle and 
bobbin thread combinations sewn at diff erent stitch 
densities. It was observed that the seam strength at 
the 30 tex/30 tex: needle thread/bobbin thread (cot-
ton) combination was lower than at other combina-
tions of threads in the set, i.e. 30 tex/40 tex: needle 
thread/bobbin thread (cotton), 40 tex /30 tex: nee-
dle thread/bobbin thread (cotton) thread. Th e 40 
tex/40 tex: needle thread/bobbin thread (cotton) 
combination showed signifi cantly higher seam 
strength due to stronger threads showing higher 
loop strength. In the 30 tex/40 tex: needle thread/
bobbin thread (cotton) combination or 40 tex/30 
tex: needle thread/bobbin thread (cotton) combina-
tion, the higher seam strength is attributed to the 
higher loop strength of the combination. It was ob-
served that the loop strength of the 30 tex/30 tex: 
needle thread/bobbin thread (cotton) combination 

was 1354 cN and that of 40 tex/40 tex: needle 
thread/bobbin thread (cotton) 2298 cN, whereas the 
loop strength of the 30 tex/40 tex: needle thread/
bobbin thread (cotton) combination was 1452 cN. 
Using a thread with higher linear density in combi-
nation with a thread with lower linear density in-
creased the loop strength of the thread marginally, 
which was statistically signifi cant at 95% confi dence 
level (Table 3). During the loop strength testing, the 
stress concentration was on the intersection point 
of the loops, which leads to the failure of loops from 
the point of stress concentration [9, 10].

3.2 Eff ect of linear density of threads on seam 
 strength
The seam strength of the seam assembly made of 
threads with different linear densities in the needle 
and bobbin were tested as well, and the results are 
shown in Table 3. It was observed that the seam 
strength at the 40 tex/30 tex: needle thread/bobbin 
thread (cotton) combination was higher than at the30 
tex/40 tex: needle thread/bobbin thread (cotton) 
combination for both fabrics. The same trend was 
observed at other combinations, i.e. at 60 tex/40 tex 
threads, although the trend was statistically signifi -
cant in only few cases. This is due to the seam and 
loop strengths being dependent on the strength of 
the weaker thread, i.e. 30 tex. The loop failure is the 
reason for the seam failure in an ideal condition 
where all the loops are evenly stressed [11]. During 
the sewing process, the needle thread is exposed to 
higher stresses during the passage through the ma-
chine, as compared to bobbin thread. The needle 
thread gets more damage as compared to the bobbin 
thread. According to literature, the cotton needle 
thread loses 25–30% of strength, whereas the cotton 
bobbin thread loses only 8–10% of strength during 
the sewing process. When a 30 tex thread was used 
as the needle thread and 40 tex as the bobbin thread, 
the 30 tex needle thread lost more strength and the 
seam strength hence depended on the 30 tex thread, 
which further weakened. On the other hand, when a 
30 tex thread was used as the bobbin thread and 40 
tex thread was used as the needle thread, the 40 tex 
needle thread became weaker and lost more 
strength as compared to the 30 tex bobbin thread, 
and at the time of loading of loops during the seam 
strength testing, both threads had similar strengths 
and therefore showed higher strength as compared 
to the 30 tex/40 tex: needle thread/bobbin thread 



151

Tekstilec, 2019, 62(2), 148-154 

Eff ect of Using Lower Linear Density Bobbin Thread on Seam Strength

combination. The same trends were observed for the 
combinations of 60 tex/40 tex: needle thread/bobbin 
thread (cotton), 40 tex/27 tex: needle thread/bobbin 
thread (polyester) and 60 tex/40 tex: needle thread/
bobbin thread (polyester).

3.3 Comparing experimental seam strength with  
 estimated seam strength using loop strength  
 of diff erent linear densities of threads
Th e seam strength values were calculated with equa-
tion 1, using the loop strength values for diff erent 

Table 3: Seam strength at diff erent combinations of needle and bobbin thread

Set

Needle-
bobbin 
thread 

combina-
tion

Needle 
thread 
[tex]/

bobbin 
thread 
[tex]

Th read 
type

Loop 
strength 

[cN]

Seam strength [N]/CV [%]
Denim fabric – 

250 g/m2
Denim fabric –

 350 g/m2

Stitch density 
[stitches/25.4 mm]

Stitch density 
[stitches/25.4 mm]

12 10 8 12 10 8
1 1 30/30 Cotton 1354 134/

1.93
118/
5.05

106/
5.34

153/
11.65

119/
2.50

100/
7.90

2 30/40 Cotton 1452a) 167a)/
4.95

132/
8.09

111/
5.10

162/
8.51

127/
10.54

111/
3.97

3 40/30 Cotton 1452 178c)/
4.32

146c)/
6.45

97b)/
5.93

164/
6.83

138c)/
6.85

114/
2.87s

4 40/40 Cotton 2298d) 205d)/
9.64

189d)/
6.82

143d)/
6.03

212d)/
7.38

188d)/
8.46

145d)/
7.22

2 1 40/40 Cotton 2298 205/
9.64

189/
6.82

143/
6.03

212/
7.38

188/
8.46

145/
7.22

2 40/60 Cotton 2438a) 211/
4.82

190/
4.26

150/
1.97

208/
3.81

190/
6.99

137/
6.88

3 60/40 Cotton 2438 222/
6.82

198/
6.03

163c)/
7.38

236b, c)/
8.46

208/
7.22

165b)/
5.35

4 60/60 Cotton 3237d) 277d)/
2.66

267d)/
3.24

250d)/
2.03

342d)/
2.72

271d)/
1.49

227d)/
3.55

3 1 27/27 Polyester 1083 114/
11.55

100/
8.18

85/
5.86

127/
10.89

85/
8.72

82/
9.64

2 27/40 Polyester 1290a) 139a)/
9.45

121a)/
5.85

99a)/
2.37

150a)/
6.50

137a)/
7.04

97a)/
6.97

3 40/27 Polyester 1290 158c)/
5.95

141b, c)/
8.47

104c)/
9.62

170c)/
15.52

130c)/
8.66

103c)/
4.03

4 40/40 Polyester 2209d) 264d)/
3.47

216d)/
6.43

173d)/
5.33

227d)/
2.40

212d)/
6.99

177d)/
4.88s

4 1 40/40 Polyester 2209 264/
3.47

216/
6.43

173/
5.33

227/
2.40

212/
6.99

176/
4.88

2 40/60 Polyester 2533a) 269/
0.82

227/
4.14

177/
4.87

262a)/
2.23

230a)/
6.72

186/
3.02

3 60/40 Polyester 2533 248b)/
3.94

241c)/
4.57

159b)/
6.77

289b, c)/
7.24

231c)/
2.96

184/
4.74

4 60/60 Polyester 3224d) 294d)/
5.53

288d)/
4.48

257d)/
3.73

326d)/
2.50

275d)/
3.32

258d)/
4.26

a) Signifi cant w.r.t. combination 1 at same process parameters at 95% confi dence level, b) Signifi cant w.r.t. combination 2 
at same process parameters at 95% confi dence level, c) Signifi cant w.r.t. combination 1 at same process parameters at 95% 
confi dence level, d) Signifi cant w.r.t. combinations 1, 2, 3 at 95% confi dence level, Where w.r.t. stands for “with respect to”
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Figure 1: Experimental seam strength vs predicted seam strength for 40 tex/30 tex (needle/bobbin) spun cotton 
thread combination on 250 g/m2 denim fabric

Figure 2: Experimental seam strength vs predicted seam strength for 40 tex/27 tex (needle/bobbin) spun polyes-
ter thread combination on 250 g/m2 denim fabric
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combinations of needle/bobbin threads, i.e. using 
loop strength of 30 tex cotton, using loop strength 
of 40 tex cotton thread and using loop strength of 
40 tex/30 tex threads taken together. Similarly, the 
seam strength values for polyester threads were es-
timated as well. Th e calculated seam strength val-
ues were compared with the experimental seam 
strength values to fi nd out the loop strength combi-
nation that gives a closer estimate of the seam 
strength. Figure 1 demonstrates that there is a sig-
nifi cant diff erence between the experimental and 
predicted seam strength for the 40 tex/30 tex: nee-
dle/bobbin (cotton) thread combination at the 
stitch densities of 10 and 12, while the diff erence is 
lower at 8 stitches/25 mm. Th is may be a combined 
eff ect of increased thread strength loss and fabric 
damage due to higher stitch density. Th e seam 
strength estimation was closer to the experimental 
values when the loop strength of the thread with 
lower linear density, i.e. 30 tex cotton thread, or 
loop strength of 40 tex/30 tex: needle thread/bob-
bin thread was taken. Moreover, the same trend 
was observed at the 60 tex/40 tex: needle/bobbin 
cotton thread combination. At the 40 tex/27 tex: 
needle/bobbin spun polyester thread combination, 
the experimental seam strength was very close to 
the estimated seam strength calculated using the 
loop strength of 40 tex/27 tex: needle/bobbin spun 
polyester thread (Figure 2). Th e same trend was ob-
served at the 60 tex/40 tex: needle/bobbin spun pol-
yester thread combination also at diff erent stitch 
densities, which results from the thread damage 
during the sewing being very low in the case of pol-
yester threads. Consequently, the loop strength is 
directly refl ected into the seam strength at diff erent 
stitch densities at the polyester thread.

4 Conclusion

Th e seam strength increases with the use of a high-
er linear density (higher strength) thread in the 
needle and bobbin, which is due to the increased 
average loop strength compared to lower linear 
density threads in the needle and bobbin. When 
diff erent threads are used in the needle and bob-
bin, the seam assembly where a higher linear den-
sity thread is used in the needle and a lower linear 
density thread is used in the bobbin shows higher 
seam strength compared to the seam assembly 

where a lower linear density thread is used in the 
needle and a higher linear density thread in the 
bobbin. Since the needle thread is exposed to vari-
ous stresses during the passage through the ma-
chine and the bobbin thread experiences lower 
stresses, the needle thread gets more damaged as 
compared to the bobbin thread. Th e loss in the 
tensile properties of the needle thread is refl ected 
in the seam strength values of a fabric. Th e use of 
a lower linear density thread in the bobbin signifi -
cantly reduces the seam strength as compared to 
higher linear density threads in both the needle 
and bobbin; however, the predicted seam strength 
values are substantially higher than the actual 
seam strength values. Since polyester threads un-
dergo less damage during the sewing process, the 
actual seam strength values are closer to the pre-
dicted values when a lower linear density thread is 
used as the bobbin thread.
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