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Nanofiber mats can be produced unambiguously by 
electrospinning. Besides pure polymers or polymer blends, such 
nanofibers can also contain metals, ceramics, etc., often 
introduced in the form of nanoparticles embedded in the spinning 
solution. Especially in case of magnetic nanoparticles, the physical 
properties of the whole nanofiber mats will strongly depend on the 
dispersion of the nanoparticles in the fibers – while small single 
nanoparticles may show superparamagnetic behavior, larger 
agglomerations will rather tend to showing ferromagnetic 
properties. Investigations of the magnetic properties of a sample 
with high spatial resolution are mostly performed by magnetic 
force microscopy (MFM). This technique, however, is usually 
applied on very flat surfaces of thin-film or nanostructured 
samples. Here, we report for the first time on MFM measurements 
on magnetic nanofiber mats, proving in principle that this 
technique can be used to investigate magnetic nanofiber mats, 
while the highly uneven nanofiber structure still causes large 
problems which have to be solved in the future. 

Keywords 
atomic force microscopy (AFM), 
magnetic force microscopy (MFM), 
electrospinning, 
magnetic nanofiber mats, 
magnetite 
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1 Introduction 

Nanofiber mats are typically produced by electrospinning, i.e. by creating fibers with diameters of some 

ten to some hundred nanometers in a strong electric field from a polymer solution or melt [1-3]. Such 

nanofiber mats can be used for diverse applications in which their large surface-to-volume ratio is 

important, such as wound dressings [4], tissue engineering [5,6], catalyzers [7], or filters [8-10]. Besides 

man-made polymers [11,12] and biopolymers [13,14], polymers blended with non-solvable materials can 

also be used for electrospinning [15,16].  

https://creativecommons.org/licenses/
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In this way, it is also possible to prepare magnetic nanofiber mats for diverse applications [17-19]. Such 

magnetic nanofibers are also highly interesting for basic research and future applications in spintronics 

or neuromorphic computing [20-24].  

For both basic and applied research, however, it is necessary to characterize the distribution of magnetic 

nanoparticles inside the fibers. It was shown experimentally and in simulations that modifications of 

average distances between the nanoparticles, either due to fiber shrinkage during carbonization [25] or 

due to agglomerations [26], significantly modify the magnetic properties of such nanofibers. 

While transmission electron microscopy (TEM) offers the possibility to “look inside” nanofibers and to 

investigate the nanoparticle distribution in nanofiber mats [26], this method is highly time-consuming, 

complicated and necessitates expensive equipment which is not available in each university of research 

institute. It would be ideal to directly map the magnetic properties of such nanofiber mats with sufficient 

spatial resolution. 

A technique which can indeed be used for this purpose is magnetic force microscopy (MFM). Opposite to 

atomic force microscopy (AFM) which uses a cantilever to detect a sample’s topography and possibly 

some additional mechanical properties of the surface, the MFM uses a magnetized cantilever tip and can 

thus be applied in a special software mode, allowing for measuring magnetic properties in addition to the 

sample’s topography [27]. There are even a few reports in the literature showing MFM measurements on 

single magnetic nanofibers or nanowires attached to flat substrates [28-32]. To the best of our 

knowledge, however, no report was published before on MFM measurements on completely uneven, 

irregular magnetic nanofiber mats. 

Here we report on first results of such MFM measurements on different electrospun magnetic nanofiber 

mats, prepared with magnetite or nickel-ferrite. We show that MFM can in principle be used to 

investigate magnetic properties of magnetic nanofiber mats, but further research is necessary to gain 

clearer images of the spatially resolved magnetic properties. 

2 Experimental 

Nanofiber mats were electrospun using the wire-based system “Nanospider Lab” (Elmarco, Liberec, 

Czech Republic) with the following spinning parameters: voltage 80 kV, nozzle diameter 0.9 mm, 

carriage speed 150 mm/s, distance between lower electrode and substrate 240 mm, distance between 

substrate and upper electrode 50 mm, relative humidity in the chamber 32 %, temperature 22 °C. 

Spinning solutions were prepared from 14 % polyacrylonitrile (PAN) (X-PAN, Dralon, Dormagen, 

Germany) dissolved in dimethyl sulfoxide (DMSO) (min 99.9%, purchased from S3 chemicals, Bad 

Oeynhausen, Germany). Fe3O4 (magnetite) nanoparticles (50-10 nm diameter, Merck KGaA, Darmstadt, 

Germany) were either applied by dip-coating from an aqueous solution after electrospinning, or added to 

the spinning solution in a weight ratio polymer:nanoparticles of 1:1.8, which was the largest nanoparticle 

concentration found spinnable in an earlier investigation [24,25]. Directly before electrospinning, the 

dispersion was ultrasonically stirred for 40 min at 35 °C with a frequency of 37 kHz to avoid 

agglomerations mostly. It should be mentioned that the distribution of the nanoparticles in the fibers is 

not homogeneous [26], thus no perfect magnetic signals along the whole nanofiber mat can be 

expected, but parts with strong signals due to agglomerations and completely nonmagnetic parts. 

As a reference of a perfectly flat magnetic sample, a cobalt (Co) layer (25 nm thickness) on a silicon (Si) 

wafer was used. In Co thin films, former investigations found circular and elliptical magnetic bubbles at 

the remanent state (i.e. without external magnetic field) after saturation [33], so that some magnetic 

pattern can be expected to be visible here. 

AFM images were taken by a FlexAFM Axiom (Nanosurf, Liestal, Switzerland), equipped with a 

cantilever MagneticMulti75-G (NanoAndMore GmbH, Wetzlar, Germany) and post-processed with 

Gwyddion 2.51. 
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3 Results and discussion 

Firstly, Fig. 1 shows an AFM topography image and the correlated magnetic MFM image of the flat 

reference sample. While the topography (Fig. 1a) is nearly flat, besides some fine grains of dust, a clear 

structure is visible in the MFM images (Fig. 1b) which can be attributed to the magnetic properties of the 

thin-film sample. Such MFM images are often scaled in black-and-white to enhance the contrast; 

however, here we decided to use a similar contrast as typical for the topography to allow for seeing all 

features available in the sample on these relatively large scales. 

  

Fig. 1 (a) AFM topography image of a magnetic thin-film sample; (b) MFM phase showing the magnetic properties 

of the sample 

Investigating nanofiber mats with MFM, however, is significantly more complicated since now topography 

and magnetic properties mix and have to be separated carefully. Fig. 2a shows the topography of a 

carbonized magnetic nanofiber mat, with some typical errors occurring when the tip touches the fibers, 

as it happens often when measuring such non-continuous surfaces. 

  

Fig. 2 (a) AFM topography image of a carbonized magnetic nanofiber mat; (b) MFM phase showing the magnetic 

properties of the sample (tip lift height 30 nm) 

The MFM phase depicted in Fig. 2b, however, mostly reflects this topography, although the “contour 

following” mode should mostly suppress this problem.  

(a) (b) 

(a) (b) 
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MFM measurements are performed in a double-scan process, e.g. by measuring the lowest line in the 

image from left to right to detect the topography, and then scanning the same path back with the 

cantilever lifted by a certain distance (here 30 nm) to detect mostly the magnetic force. Alternatively, the 

so-called “dual pass mode” can be used, meaning that two firstly the topography is scanned from left to 

right and back, and afterwards the same line is scanned from left to right and back in MFM mode, i.e. 

with lifted tip, making the image more accurate, but doubling the time for measuring. Generally, in MFM it 

is necessary to find a compromise between smaller heights during the MFM scanning time, increasing 

the influence of the topography and making the signals harder to interpret, and larger heights, 

decreasing the resolution. This is especially important in case of strongly structured surfaces, such as 

nanofiber mats. Here, apparently, the chosen height was not large enough so that no clear magnetic 

signal can be observed. 

Next, samples were investigated with larger distances. Fig. 3 shows an example of a measurement with 

a tip lifting height of 170 nm during the MFM scanning time. Indeed, the topography becomes nearly 

invisible here, now allowing for evaluating the magnetic information. While this would be acceptable for 

large magnetic structures, as visible in Fig. 1b, it is not sufficient for the investigation of magnetic 

nanoparticles embedded in (or coated on) nanofibers. Thus, the next step is an optimization of the tip 

lifting height to enable sufficiently resolved magnetic scans of these challenging samples.  

  

Fig. 3 (a) AFM topography image of a magnetically coated nanofiber mat; (b) MFM phase showing the magnetic 

properties of the sample (tip lift height 170 nm) 

As an example for the influence of the tip lifting height, Fig. 4 shows measurements on the coated 

nanofiber mat, now again with a slightly reduced magnification, for lift heights of 300 nm (Fig. 4a) and 

240 nm (Fig. 4b), respectively. 

It is clearly visible that the magnetic structure becomes clearer for the lower tip lift height; but even for 

the relatively large lift heights chosen here, the nanofibers start becoming visible again. This example 

shows that while the magnetic features, here visible as large dark and bright areas, can indeed be 

visualized by MFM, but underline also that in spite of using the “contour follow” mode which should 

significantly reduce the influence of the topography, the latter cannot be ignored in magnetic 

investigations of electrospun nanofiber mats. 

It must also be mentioned that optimizing the tip lift height is only possible for a specific situation. Fig. 5 

shows the same nanofiber mat as depicted in Fig. 4 after slightly shifting the measurement position, 

measured with identical magnification and measurement parameters as well as with an intermediate tip 

lift height of 280 nm. Here, however, the topography is much stronger visible than in Fig. 4. This shows 

again that there is still a long way to go from this first proof-of-principle to a reliable technique which can 

be used to detect magnetic nanoparticles inside magnetic nanofiber mats. 

(a) (b) 
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Fig. 4 MFM phases of a magnetically coated nanofiber mat with different tip lift heights: (a) 300 nm; (b) 240 nm. 

The inset shows the AFM topography. 

  

Fig. 5 (a) AFM topography image of a magnetically coated nanofiber mat; (b) MFM phase showing the magnetic 

properties of the sample (tip lift height 280 nm) 

Besides, several further questions, especially related to the possible dimensions of nanoparticle 

agglomerations which are directly connected with their magnetic properties [26], must be investigated to 

develop this technique further and to enable a reliable interpretation of MFM images of magnetic 

nanofiber mats. 

4 Conclusions 

While magnetic force microscopy (MFM) is a typical tool for the evaluation of magnetic thin-film samples 

or nanostructures on flat surfaces, no previous attempts were found in the literature to use MFM for the 

investigation of magnetic nanofiber mats. Here we present first MFM measurements on such magnetic 

nanofiber mats, showing the general suitability of this method to investigate magnetic nanofiber mats, 

but also the challenges which have to be taken into account in these measurements. 

Since no literature exists yet on measuring MFM on magnetic nanofiber mats, it is necessary to optimize 

the measurements without drawing on previous experience of other groups. Thus, as the next step it is 

planned to electrospin aligned magnetic nanofibers [34] to reduce the roughness und to optimize MFM 

(a) (b) 



6 
 

process parameters for this situation, before transferring this optimization back to isotropic (not oriented) 

magnetic nanofiber mats. 
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Needleless electrospinning can be used to produce, for example, 
poly(acrylonitrile) (PAN) nanofibers, to which magnetic 
nanoparticles can additionally be added. Such composite 
nanofibers can then be stabilized and carbonized to produce 
carbon composite nanofibers. The magnetic nanoparticles have an 
influence not only on the structure, but also on the mechanical and 
electrical properties of the finished carbon nanofibers, as does the 
heat treatment during stabilization and incipient carbonization. The 
present study reports on the fabrication, heat treatment and 
resulting properties of PAN/magnetic nanofiber mats prepared by 
needleless electrospinning from polymer solutions. A variety of 
microscopic and thermal characterization methods were used to 
investigate in detail the chemical and morphological transition 
during oxidative stabilization (280 °C) and incipient carbonization 
(500 °C). PAN and PAN/magnetic nanofiber mats were analyzed 
during all stages of heat treatment. Compared to pure PAN 
nanofibers, the PAN/magnetic nanofibers showed larger fiber 
diameters and the presence of beads and agglomerations. In this 
study, magnetic nanofibers were investigated in more detail with 
the aim of detecting undesired agglomerations. Visual observation, 
for example with confocal laser scanning microscopy (CLSM) or 
scanning electron microscopy (SEM), does not provide conclusive 
evidence of agglomerations in the nanofibers. But based on the 
capabilities of energy-dispersive X-ray spectroscopy (EDS), many 
different types of samples can be easily analyzed where other 
analytical techniques cannot give a fast answer. 
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1 Introduction 

The electrospinning technique is characterized by simplicity of use, versatility and adaptability [1,2]. 

Many variants of the electrospinning technique such as needleless and needle-based, melt, solvent and 

emulsion electrospinning, coaxial and co-electrospinning are known. A wide range of nano-architectures 

can be created using these electrospinning techniques, such as core-shell, tube-in-tube, porous, hollow, 

cross-linked and particle-encapsulated nanofibers [3-6]. The main components of a typical needle-based 

electrospinning system consist of a high-voltage power supply, a spinneret and a grounded collector 

plate [7-8]. Over time, needleless electrospinning has evolved into an alternative electrospinning 

technology with the aim of realizing large-scale nanofiber mats. There are also needleless 

electrospinning processes in which nanofibers are produced directly from an open liquid surface [9,10]. 

Poly(acrylonitrile) (PAN) is often used for the production of nanofibers because this polymer is relatively 

easy to handle and carbon nanofibers can be produced from it by heat treatment. Its carbon yield is 

relatively high which is advantageous for the production of carbon nanofibers [11]. 

The solvents in which PAN can be dissolved are polar solvents such as dimethylformamide (DMF) [12], 

dimethyl sulfoxide (DMSO) [13], dimethylacetamide (DMAc) [14], dimethyl sulfone, tetramethyl sulfide, 

and aqueous solutions of ethylene carbonate and some mineral salts [15,16]. This makes PAN very 

useful for a wide range of different applications [17,18]. According to scientific literature, most of the 

nanofibers are spun from toxic solvents such as DMF and DMAc [19], and only some papers report the 

use of the low-toxic solvent DMSO [20]. One of the advantages of PAN is its water resistance, which 

distinguishes it from other polymers [21]. In general, nanofiber mats can be used in a variety of fields, 

e.g., as filter materials [22,23], catalysts [24,25], cell growth, tissue engineering, medical dressings [26-

28]. Furthermore, PAN is a typical precursor for the production of carbon nanofibers [29].  

Through thermal processing, carbon nanofibers can be produced from PAN nanofiber mats in a two-

stage process [30]. The first stage involves oxidative stabilization and it is an important heat treatment 

process to make the final yield of carbon material as large as possible. During oxidative stabilization, the 

PAN chains begin to cross-link. The resulting composite polymeric structure has the ability to withstand 

the rigors of high temperature processing in carbonization process more stably [31-33]. This process is 

crucial to prevent melting or fusing of the fibers. Another way to prevent nanofiber contraction during 

stabilization is electrospinning on metallic substrates [34]. Due to the conductivity of the metallic 

substrate, the nanofibers adhere to the surface and cannot shrink [35]. The oxidative stabilization 

reduces the volatilization of elemental carbon through the carbonization step and increases the final 

carbon yield. The process of carbonization helps in the formation of solid residues with increasing 

content of elemental carbon from organic material. The carbonization process is usually carried out in an 

inert gas, argon or nitrogen. Carbonization is a complex process in which dehydrogenation, 

condensation, hydrogen transfer and isomerization take place simultaneously [36]. The final pyrolysis 

temperature applied controls the degree of carbonization and the residual content of foreign elements, 

for example, after carbonization. Graphitization can also be carried out by heating to T ~ 1200 K. The 

carbon content of the residue exceeds a mass fraction of 90 wt.%, while at T ~ 1600 K more than 

99 wt.% carbon can be found [37].  

For some defined applications, organic or inorganic particles are added to polymer solutions [38], for 

example to improve the mechanical properties.  

The addition of nanoparticles to PAN electrospinning solutions can, e.g., be used to produce magnetic 

PAN nanofiber mats. Many materials have magnetic properties, including iron [39], manganese alloys, 

magnetite [40] or cobalt. Sometimes magnetism is not the primary use of magnetic nanofibers, but the 

magnetic material can perform other functions. Recently, Wang et al. [41] manufactured CuFe2O4 fibers 

in which they were able to adjust the amount of CuO nanoparticles on the surface of the fibers by 

changing the ratio between the precursor of Co and that of Fe, thus making these fibers usable for 

catalytic oxidation [42]. These materials can exist as permanent magnets or be paramagnetic. This 

means they can be attracted by magnetic materials but not have permanent magnetism themselves. 
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Ferrite nanoparticles or iron oxide nanoparticles (iron oxides in the crystal structure of maghemite or 

magnetite) are the most commonly used magnetic nanoparticles. According to the literature, the 

magnetic nanoparticles become superparamagnetic when the ferrite particles become smaller than 

about 128 nm [43]. This prevents self-agglomeration to a certain amount because they only show their 

magnetic behavior when an external magnetic field is applied. Wortmann et al. [44] have examined 

magnetic nanofiber mats using transmission electron microscopy (TEM) and nevertheless found 

agglomeration of magnetic nanoparticles in nanofibers. The goal of this study is to further explore 

whether it is possible to detect these agglomerations in a different way without using a lengthy and 

expensive methods such as TEM. 

 

2   Materials and methods 

The nanofiber mats were prepared using polyacrylonitrile (PAN) (X-PAN, Dralon, Dormagen, Germany; 

Mn = 90,000 g/ml, Mw = 250,000 g/mol) dissolved in DMSO (min. 99.9%, obtained from S3 chemicals, 

Bad Oeynhausen, Germany). The ratio of 14% PAN with magnetic particles in DMSO proved to be the 

best ratio according to a previous study [45]. The polymer:nanoparticle weight ratio of 1:1.8 has given 

the highest nanoparticle concentration [45]. For the preparation of pure PAN nanofibers without beads, 

the ratio of 16% PAN in DMSO was found to be the most suitable [35]. As substrate, a polypropylene 

(PP) nonwoven (Elmarco, Czech Republic) was used as a supporting layer for collecting nanofibers. 

All polymer solutions were stirred for 2 h on a magnetic stirrer. Afterwards, magnetic nanoparticles were 

incorporated, i.e. Fe3O4 (magnetite) with a particle size of 50-100 nm and Fe2O3/NiO (diiron nickel 

tetroxide) with a particle size < 50 nm (both purchased from Merck KGA, Darmstadt, Germany). The 

solution was then mixed manually for 10 minutes before the nanoparticles were dispersed in an 

ultrasonic bath for 40 minutes at 35 °C and a frequency of 37 kHz. The mixing and homogenization 

condition were selected based on the results of the previous study [45]. 

A wire-based electrospinning machine “Nanospider Lab” (Elmarco, Czech Republic) was used to 

produce nanofibers. This machine is easy to operate, which makes it ideal for lab-scale work. The 

Nanospider can spin a variety of polymers, and one of its advantages is that little polymer solution can 

be used to prepare nanofiber mats on a large scale. The following spinning parameters were used: high 

voltage 80 kV, nozzle diameter 0.9 mm, carriage speed 150 mm/s, electrode-substrate distance 

240 mm, bottom-substrate distance 50 mm, temperature in the chamber was 22 °C and relative humidity 

in the chamber was 32 %. A spinning solution of 5 mL was used in all tests and spun during ~ 15 min. 

Oxidative stabilization of nanofiber mats was carried out in an oven (Nabertherm, Lilienthal, Germany) 

approaching a typical stabilization temperature of 280 °C with a heating rate of 1 K/min, followed by 

isothermal treatment at this temperature for 1 hour. For the carbonization process, a furnace (Carbolite 

Gero, Neuhausen, Germany) was chosen to approach a temperature of 500 °C with a heating rate of 

10 K/min in a nitrogen flow of 150 mL/min (STP), followed by isothermal treatment at the final 

temperature for 1 hour. 

A Zeiss 1450VPSE scanning electron microscope (SEM) and a VK-8710 confocal laser scanning 

microscope (CLSM) (Keyence) were used for optical surface analysis of the nanofiber mats. To 

investigate the chemical composition of the samples, energy-dispersive X-ray spectroscopy (EDS) was 

used for more detailed investigations. The samples were sputtered with 20 nm of gold to avoid charging 

them. Table 1 shows the samples that were prepared. 

 
Table1: Overview of the samples 

 

16% PAN 

14% PAN/magnetite 

14% PAN/diiron nickel tetroxide 
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3 Result and discussion 

The morphologies of the studied nanofiber mats are shown in the CLSM images in Figure 1. For the 

three samples (electrospun, stabilized and carbonized), the images are very similar, showing a relatively 

regular nanofiber mat with some fine fibers, but they have different colors due to the heat treatment 

processes. The fibers show a light brown discoloration during stabilization (Fig. 1b) and a more black 

discoloration when carbonization starts (Fig. 1c), differences which are easily recognizable. The heat 

treatment at 500 °C does not complete carbonization and therefore dark brown color is still clearly visible 

in the carbonized sample (Fig. 1c). In case of complete carbonization at 800 °C, the CLSM images show 

rather black color without brown parts [21]. CLSM images allow seeing a strong bead formation, but it is 

not possible to see if there are agglomerations of magnetic particles. 

     

                                     (a)                                                                                 (b) 

 

(c) 

Fig 1 CLSM images of (a) PAN/magnetite after electrospinning; (b) stabilized; and (c) carbonized at 500 °C.  
 

With optical methods it is difficult to detect agglomerations in the nanofibers. Thus, possible 

agglomerations of magnetic nanoparticles cannot be seen in the CLSM images (Fig. 1). 

Figure 2 shows SEM images of the nanofiber mats obtained from PAN/Fe2O3/NiO (iron nickel tetroxide) 

samples. After electrospinning, the nanofibers are almost straight, smooth and randomly oriented (cf. 

Fig. 2a). The stabilized (Fig. 2b) and carbonized (Fig. 2c) samples change their surface morphology. The 

nanofibers get curved and change their dimensions due to the influence of the heat treatment process. 

This occurs because of carbon chains that are highly flexible due to rotation around carbon-carbon 

single bond, allowing the molecules to take up many different configurations. 

20 µm 20 µm 

20 µm 
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(a)                                                                                  (b) 

 

                                           (c) 

Fig. 2 SEM images of PAN/ diiron nickel tetroxide with a nominal magnification of 5000 x, (a) after electrospinning; 
(b) stabilized; and (c) carbonized. (a) and (b) reproduced from [46], published under a CC BY 4.0 license. 

 

Figure 3 shows SEM images comparing pure PAN (3a) and PAN/magnetite (3b) after electrospinning.  

     

(a)                                                                                  (b) 

Fig. 3 SEM images of (a) pure PAN and (b) PAN/magnetite nanofiber mats, taken with a nominal magnification of 

5000 x after the electrospinning process. 

2 µm 2 µm 

2 µm 

2 µm 2 µm 
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In pure PAN nanofibers (Fig. 3a), the nanofibers show more relatively straight orientation compared to 

PAN/diiron nickel tetroxide (Fig. 2a) and PAN/magnetite (Fig. 3b). In all three as-spun nanofiber mats, 

some nanofibers are connected with some beads and the most beads can be seen on the surface of 

PAN/diiron nickel tetroxide (Fig. 2a). In addition, the beads look slightly rough and a bit different from 

PAN/magnetite nanofibers (Fig. 3b), which can be explained by the fact that the diiron nickel tetroxide 

nanoparticles are concentrated in the beads due to their small size, as found later in the EDS spectra. 

When particles are added to the nanofiber mats, the fiber diameters change. The distributions of 

nanofiber diameters are shown in Figure 4. 
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(c) 

                                                                                
Fig. 4 Distributions of the diameters of: (a) PAN nanofibers; (b) PAN/diiron nickel tetroxide nanofibers;  

(c) PAN/magnetite nanofibers. 

 

Both PAN/magnetite ((182 ± 53) nm) and PAN/diiron nickel tetroxide ((170 ± 61) nm) nanofiber mats 

show a higher average as well as a wider distribution of nanofiber diameters compared to pure PAN (cf. 

Figures 4b and 4c). Correspondingly, pure PAN nanofiber mats (4a) exhibit a lower average  

((138 ± 38) nm) as well as a narrower distribution of nanofiber diameters. In addition, the PAN/magnetite 

nanofiber (4c) show a slightly larger average than PAN/diiron nickel tetroxide (4b) nanofiber mats. 
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For a closer investigation, Figure 5 depicts the surface scanned with EDS and the spectra of the 

materials inside this surface. The EDS spectrum was obtained in a microscopic area of the sample. As a 

result, the presence of carbon (C) in a large amount at 0.3 keV due to the heat treatment process and 

peaks at 0.5 keV, 6.4 keV and 7.1 keV related to iron (Fe) can be detected. In addition, the peaks at 

0.7 keV, 0.8 keV and 7.5 keV confirm the existence of nickel (Ni). 

 

    

(a)                                                                                  (b) 

 

(c) 

Fig. 5 SEM images of carbonized PAN/diiron nickel tetroxide sample (a) whole surface, (b) spot on a bead; and 

(c) spot on a nanofibers. 

 

As can be seen in the sub-images in Figure 5, the examined areas are marked with a green frame, and 

the EDS spectra are created for these areas. For the comparison of the magnetic samples, the gold 

peak is set as a reference in the EDS spectrum and is marked by a blue arrow (see Figures 6 a-c). The 

first EDS spectrum (Fig. 6a) defines the complete area of the nanofiber mat and the second (Fig. 6b) 

only a small area where a bead is located. A measurement of an area with fibers only is shown in Figure 

6c. The iron peak (Fe) shown by the red arrow in the first EDS spectrum (Fig. 6a) is lower than the iron 

peak in Figure 6b. Similarly, the nickel peak (Ni) in Figure 6b is much higher than in Figure 6a and 6c. It 

can be noted that Figure 6c shows a significant difference from the maps with the beads (Fig. 6b), i.e. 

here the iron peak (Fe) is even lower than in the overall map (cf. Figure 6a). 

10 µm 10 µm 

10 µm 
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(a) (b) 

 

(c) 

Fig. 6: EDS spectrum of carbonized PAN/diiron nickel tetroxide sample: (a) whole surface; (b) spot on a bead; and 

(c) spot on nanofibers. 

 

This suggests that the highest concentration of particles is located in the beads. Moreover, the EDS 

spectrum shows strong peaks of iron (Fe) and nickel (Ni) elements, which are significantly more 

abundant than carbon (C), confirming that the diiron nickel tetroxide nanoparticles are agglomerated 

within the beads.  

Nanofibers or nanoparticles are certainly not the only areas of materials science in which such 

fundamental structural problems as agglomerations can occur. Thus, tests such as TEM analysis can be 

avoided when EDS is used to determine where possible agglomerations are located. TEM needs long 

and complex preparations, therefore it is very helpful that the agglomerates are also clearly visible in 

EDS. Nanofibers are used here as a substitute for practically all types of micro- and nanomaterials that 

are tested using microscopic images at high magnification. There are, of course, samples whose 

structures in question cannot be displayed at a lower magnification (such as atomic structures).  

4  Conclusions 

In this study, PAN/magnetic nanofibers were produced and investigated from a DMSO polymer solution 

using a wire-based electrospinning process. The chemical and morphological properties of the magnetic 

nanofibers after the heat treatment steps were examined using various characterization methods. The 

preparation of the samples and the acquisition of high-resolution images, for example for TEM 

examinations, require a lot of time and intensive preparation. For this reason, this study looked for a 

simpler way to find out whether nanoparticle agglomerations in the nanofibers occur, without using TEM. 

The results of this study lead to the conclusion that the EDS is a simpler, better manageable and more 

efficient technique that does not require much time to investigate the presence of agglomerations of 

nanoparticles in nanofiber mats. 
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The Covid-19 pandemic has had a major impact on higher 
education across the world. In this paper we consider how textile 
education has been impacted and what approaches have been 
employed to maintain quality education and laboratory experience 
when traditional methods are not appropriate. This paper 
considers three different countries – United States, South Africa 
and Germany. Each has been affected in a different way, has a 
different sociological makeup, and has developed distinct solutions 
to the challenge. Methods related to HyFlex, flipped classrooms, 
and blending learning have been applied by all three institutions. 
Lectures have been presented as pre-recorded videos, 
synchronous video conferencing, and hybrid. Similarly, laboratory 
and studio experiences have been handled through pre-recorded 
video, guided “at home” experiments, and modified in-person 
experiences. This paper gives an overview of the laboratory and 
studio experiences, time spent in preparation, and reaction of the 
students to remedies. It also addresses best practices from each 
country in the three continents. 
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1. Introduction – limitations to meeting in person 

The COVID pandemic situation created an unusual situation in for textile education across the planet. 

Textile engineering and design traditionally involve a significant amount practical training, both laboratory 

and studio, to enrich the theory. The pandemic kept students at home, which meant that practical 

training (laboratories and studios) had to be re-envisioned. The authors of this paper had intensive 

exchange during the period. Each country had different requirements and restrictions associated with 

higher education. The methods employed and evaluations of those methods were collected to create this 
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summary of their experience in three different countries – United States (USA), Germany and South 

Africa (SA). 

First, we consider the restrictions applied to each university, considering national, regional, and 

institutional and applying the more rigorous rules. One of the restrictions associated with the pandemic 

was physical spacing issues for students and faculty. The formal limitations per country are summarized 

in Table 1. 

Table 1. Comparison of limitations to in-person meeting. 

Criteria USA Germany SA 

Maximum 
Occupancy 

25 online only, except 
exceptional cases  

 25  

Individual 
Spacing 

2 meters 1.5 meter  2 meters 

Masks Mandatory Mandatory  Mandatory 

Students on 
campus 

≤ 25% capacity ≤ 10% capacity ≤ 33% capacity 

Additional ≤ 5 people per 90 m2 ≤ 5 people per 100 m2 ≤ 5 people per 100 m2 

 

It can be seen that the general criteria shown in Table 1 are quite similar for all three universities. Distinct 

restrictions associated with each university are explained in detail below. 

1.1. USA  

In the United States, specific limitations on gatherings are determined at the state or city level. Data 

presented in Table 1 are for Thomas Jefferson University (TJU) in Philadelphia, Pennsylvania. At TJU 

students who wish to stay at home and learn remotely, may. This means that each class is potentially 

different regarding attendance. Classes may be entirely online (if all students choose to stay at home), or 

a combination of in-person and online students.  

In the United States, some universities opened the Fall 2020 semester with entirely in-person classes. At 

several institutions, outbreaks of Covid-19 resulted in them converting to online only in a matter of days 

or weeks.  

University of North Carolina, Chapel Hill identified four coronavirus clusters, and reported that 135 

students had been tested positive for Covid-19 in the first week of in-person classes. Thus one week 

after classes began, the university converted to online only [1]. University of Notre Dame started with in-

person classes and converted to all after reporting 304 positive cases since August 3, 2020 (that number 

climbed to 336 cases by 21 August, 2020 [2]. North Carolina State University converted to online only 

after 2 weeks of classes [3]. 

TJU opened in a concurrent mode [4] where students are free to choose if they wish to attend classes in 

person or stay at home and participate remotely. The faculty teach the classes with video streaming so 

that in-person and remote students are attending simultaneously. This model is related to the Hyflex 

model [5] but not as robust, nor as demanding on the faculty. 

1.2. Germany 

In Germany, TU Dresden decided to start the Fall semester completely online. During the second half of 

the semester, after the situation became controlled, practical trainings were allowed to use an in-person 

format, if no other form was possible or suitable. This allowed for practical elements to have hybrid forms 

of learning [6], combining online materials, handouts and partial practical exercises. In the hybrid mode, 

classes can either meet in-person, or can be online. There is no intention of combining the two modes 

simultaneously. 
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1.3. SA 

 In South Africa, the minister of education has allowed 33% of students and staff to experience in-person 

teaching to maintain social distancing [7]. This creates a challenge in determining which students can 

physically attend the university, and correspondingly, which faculty. DUT has decided to meet this 

requirement by only allowing final year undergrad and postgraduate students to have access to the 

campus. The rest will be taught remotely. These 67% students who are taught online will gradually return 

to university as conditions improve and level of restrictions eased. Special attention will be made to 

opening laboratory and practica sessions for these students.  

2. Technical requirements 

Because of the restriction on in-person attendance, some educational components must be delivered 

remotely, as described above. There are technological needs associated with this requirement, both 

hardware and software. Of particular interest are the software requirements associated with each of the 

universities. 

2.1. USA  

Many courses will be using a simultaneous broadcast system because of the concurrent teaching model. 

In this mode the professor will live stream the class activity using a web camera, microphone, and 

broadcast software such as Zoom or Blackboard Collaborate. The university provided licenses for 

Blackboard Collaborate, Zoom and Microsoft Teams to all of the faculty. TJU uses Canvas as a learning 

management system which becomes the primary repository for digital assets for each course. 

Blackboard Collaborate (video conferencing software) is available as a built-in tool within Canvas. 

However, despite the convenience of using Collaborate, almost every faculty member has been using 

Zoom to run their classes.  

All three video conferencing software platforms available to the faculty have the same core functionality 

– screen sharing, file sharing, and viewing of attendees. Collaborate is limited to showing only 4 

participants simultaneously, whereas Zoom allows 49. Most of the faculty felt it important to see the 

entire class in one screen, so have been using Zoom. 

Some classes will involve pre-recorded content that will be viewed by the students at home. These 

viewings are complimented by live discussions about the content using digital communications, thus 

creating a flipped component to the course [8]. The development of the pre-recorded content requires 

access to a quality digital camera as well as video editing software, both of which were provided by the 

university, an example of which is shown in Figure 1. 

 

Figure 1. Setup for creating video content regarding the use of flat bed knitting machines. 
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Because of the high digital content demands, there were concerns about students having reliable access 

to the feeds. The vast majority of students had no difficulties, but occasionally a student would run into 

local internet outages for some period of time. One student reported driving to a McDonald’s restaurant 

to make use of their free internet services to attend class. 

2.2. Germany 

TU Dresden uses the online education system OPAL developed by the state of Saxony [9]. OPAL 

functions as a learning management system and is available to all members of TU Dresden. Additionally 

TU Dresden employs the online conference platform of the German universities, DFNconf [10] for online 

meetings and teaching. The sudden increase in use of video conferencing resulted in significantly 

increased traffic for DFNconf. To accommodate the need, licenses for various platforms like Zoom and 

GoToMeeting were obtained for faculty. 

Based on the previous experience of one of the authors as well as the possibility for converting existing 

slides into online content, the author preferred to install separate DokuWiki [11] instances to store the 

online content associated with the practical training in the assemblage of textile technologies.  

No students reported they were not able to access the digital content. There were a few cases reported 

where the students starting looking at it only in the last two weeks of the semester.  

2.3. SA 

The 67% of students who are not allowed on campus will be taught using digital tools such as Moodle, 

Microsoft Teams, WhatsApp, etc. Therefore, a multi-modal approach has been taking place, with classes 

developed as either hybrid or concurrent. 

One of the challenges in SA is that availability of internet access to all students [12]. Very few of the 

students own a computer, but most have access to a smartphone. To ensure that the students can 

attend virtual classes, data has been provided by university for all students who are taught remotely. 

There are some students living in rural areas with no internet access. For these students, printed 

materials and memory sticks containing lectures and videos were delivered via courier.  

3. Student responsibilities 

In different countries there are different student responsibilities associated with the classroom. The 

length of the semester, the number of hours per week spent in the classroom, whether or not it is 

mandatory, and the basis of grading vary. A summary of the attendance responsibilities is shown in 

Table 2. 

Table 2. Comparison of Student Responsibilities in the Three Countries 

 Germany South Africa United States 

Semester duration: 26 Oct – 6 Feb 28 Sept – 17 Jan1 24 Aug – 4 Dec 

Lecture attendance Optional Mandatory Mandatory 

Laboratory attendance Mandatory Mandatory Mandatory 

Mid-semester assessment Rarely Yes Yes 

 

As can be seen, all three countries have a mandatory laboratory attendance policy, which created a real 

challenge during this time and required creative solutions. 

Also we noted that a mid-semester assessment was a very important part of the experience, as will be 

described later. 

                                                
1
 This year the semester is unusual. Typically it will run July to November, but it was delayed because of the 

pandemic. 
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4. Approach 

It is important to recognize at the outset the difference between online education and remote education 

[13,14]. In online education, students are choosing to enter into an asynchronous teaching experience. 

This is often because the student is working or otherwise engaged during traditional class time, and so 

they choose to engage the material at whatever days and times best suit their schedule.  

In the case of remote education, the education remains synchronous and students are expected to 

maintain a specific schedule of attendance. For most of us, the emergency transition was treated in a 

remote education mode, at least to some degree. Many students preferred having a scheduled class 

time. In a recent study, Milligan [15] evaluated student preferences for synchronous vs asynchronous 

remote engagement based on the sudden transition to remote teaching in March of 2020 in the US. He 

found a distinct preference for synchronous engagement on the part of the students. Further he found 

that in the organic chemistry classes that were considered, student performance (as measured by exam 

performance) was higher in the classes with synchronous delivery compared to asynchronous delivery. 

The difference between online and remote teaching is the difference between synchronous and 

asynchronous student engagement. 

There are different ways in which the emergency transition was handled. The different techniques 

employed by the authors are described below. 

4.1. Blended learning 

In all three countries, some classes involved a version of blended learning [16] that was rapidly adapted 

to the current situation. A typical version of this involved dividing the class into groups, with one group 

being on campus while the other group(s) experienced online learning. Then on the next class meeting 

the cohorts changed their modality. For example, a class with 20 students that meets on Tuesdays and 

Thursdays would be split into two groups of 10 students each. The first group will come to campus on 

Tuesday and stay at home on Thursday. The second group will stay at home on Tuesday and come to 

class on Thursday. When on campus, the learning experience will be a traditional version of the 

classroom experience, but with masks and physical distancing. When possible, the in-person classes 

met outdoors, as shown in Figure 2. When students are at home, the learning experience will be online. 

 

Figure 2. Students performing laboratory outdoors. 

4.2. Hybrid/flexible learning 

Some classes employ a variant of HyFlex (hybrid-flexible) learning [5], although not as robust as 

implemented in full developed Hyflex classrooms [17]. In these situations, students are free to choose if 

they can attend the class or not on a daily basis. The faculty prepare asynchronous elements for 

students who cannot attend a specific in-person class. Thus, students will be synchronous some times 
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and asynchronous others, as fits their schedule. The rapid solution that most schools adopted is really 

concurrent learning, not HyFlex (see below). 

4.3. Concurrent learning 

In the concurrent learning model, the classroom is simultaneously streamed online so that students may 

attend in-person or from home [18]. Note this is different than HyFlex in that there is no designed 

asynchronous element for students who cannot attend at the scheduled time. At TJU (US), during the 

scheduled class time of Engineering Statics, students either joined remotely via Zoom or showed up in 

the classroom (wearing masks and keeping a 2-meter spacing from each other and the instructor). The 

live conversations were streamed via Zoom. In these class sessions, the professor has the students 

solve problems and provides guidance. Sometimes the class works together, other times the class 

breaks into small groups using breakout rooms in Zoom. The classroom is conducive to this process as it 

contains a smart board and multiple video monitors throughout the room (Figure 3). 

 

Figure 3. Classroom for Engineering Statics, showing smart board, vinyl barrier and monitor. 

4.4. Flipped classrooms 

A flipped classroom [8,19] has traditional lecture materials provided as online content and the 

synchronous activities are focused on problem solving and pursuit of activities traditionally associated 

with homework. Incorporating “productive failure” (wherein the students work on problems prior to 

receiving instruction on the topic) in the flipped classroom has been shown to increase student 

achievement of conceptual understanding [20]. In a flipped classroom environment, the instructor may 

record themselves giving a lecture, and edit that into several small pieces (5-10 minutes each). These 

videos are provided to the students online through a learning management system. Students are 

instructed to watch the videos and read assigned documents prior to joining class. There may also be 

problem sets for the students to engage. During the synchronous class session, students will engage in 

problem solving, discussions, and other active learning experiences based on their previous viewing, 

reading, and problem engagement. 

At TJU (US), Engineering Statics is a flipped class that employs open educational resources. The 

professor developed a series of about 100 video lectures that are each about 5-10-minute length. The 

text book is from the Open Learning Initiative (OLI) at Carnegie Mellon University, which provides a 

digital course text and tests to the students at no cost. There are multiple online assessments each 

week. The OLI text book has a series of short questions at the end of each section. The pre-recorded 

videos have built-in quizzes, where the video stops until the student answers the questions, 

accomplished using Studio – a video tool within Canvas. There are additional quizzes embedded in 
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Canvas that the students must answer before they can see the next video, using the prerequisite 

function of Canvas. In addition to these low stakes assessments, there are monthly examinations. The 

students will have over 100 small assessments in addition to 4 major assessments in the course. 

4.5.  Online small groups 

A technique employed within a synchronous online class experience is to make use of small online 

groups, often called “breakout rooms”, during the class. In this way the online session is varied between 

one large room with all students and professor participating and multiple small rooms with only a few 

students sharing. This can be good for performing class activities such as “think-pair-share” in an online 

environment [21]. 

Each of the universities makes use of breakout rooms during streaming classes to allow the students to 

process new information presented to them during the session. 

5. Specific Examples 
5.1. Germany 

One of the problems in the teaching of pattern making and 3D clothing simulation remotely is software 

licenses. Not all software vendors offer student versions of their software and the students cannot 

remotely access the university computer systems that have site licenses. Grafis (2D patterning software) 

has a long-term educational version, which the company extended specifically to help students during 

the pandemic. CLo3D offers a limited 30-day license version for no cost. All of the other providers have 

licensing fees that make the use of the software possible only in the lab on university owned hardware. 

The only known freeware for pattern making, Valentina, is not used by Germany companies yet, and 

also does not provide the full range of features that the commercial packages offer. Because of this, the 

content delivery had to be re-organized so that the CAD content could be covered within the 30-day 

license of CLo3D, allowing the students to run the software at home for no cost. 

Early in the emergency teaching period, it was discovered that the topics of algorithmic thinking and 

programming were areas in which the students were not achieving at an acceptable level. To support 

student success, a separate series of independent lessons with step-by-step demonstration of writing the 

first lines of code in Python, creating variables and using that for the creation of 3D geometry was 

prepared and offered to the students. Most of the students worked very actively on these tasks during 

the semester. These tasks were considered part of the exam. Motivated by this, students submitted their 

solutions on time. At the end of the course they confirmed that they had learned the necessary skills. 

The students were happy with the learning software and they enjoyed creating models by doing. A 

sample of student work on this task is shown in Figure 4. 

 

Figure 4. Parametrically generated 3D simulation of 3-thread stitch  

during the study using Python language and Texmind Viewer. 
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5.2. SA 

Only 33% of total university student are permitted to be present on campus. The other 67% must 

participate remotely. This offered challenges in South Africa as not all students have access to quality 

internet connections, or can afford a data plan appropriate for remote learning (unlimited data is unusual 

in SA). To address this, Durban University of Technology provided sufficient data access to all students 

and some staff for internet connectivity. For students that have no access to the internet, physical copies 

of materials as well as digital copies on memory sticks were delivered to their homes. 

Class schedules were adjusted to account for shutdowns (see Table 1) and new timetables were 

introduced and communicated to all students and staff. 

Moodle is used as the primary communication and course management tool for all classes. Study 

materials in form of notes, PowerPoint presentations, short video recordings, YouTube clips on 

processes, etc. were uploaded or linked to Moodle before teaching started for each section. 

Students living in remote and rural areas have very poor access to the internet. In addition, not all 

students have the necessary devices to communicate digitally. About 60-70% of the students do not 

have access to a computer of any kind except smart phones. Not all students have a smart phone. The 

university is in the process of providing devices to those who do not have one. At this point, including 

phones, about 85% of students have some level of access to the internet.  

Although all classes use Moodle, several faculty also made use of WhatsApp for their courses. The DUT 

Clothing program uses WhatsApp very effectively. WhatsApp was loaded on staff laptops, and lecturers 

can (and do) record audio over power point slides or photos during lectures. These videos are shared 

with the students if they cannot attend synchronously.  

Comparing the effectiveness of the two digital platforms, it was found that student participation was 

higher with WhatsApp than Moodle. Based on second year Textile Technology classes, online class 

attendance using Moodle was about 30-40% at best, but on WhatsApp it is about 80-90%, as illustrated 

in Figure 5.  

 

 

Figure 5. Second year Textile Technology student attendance as a function of distance  

collaboration tool: Moodle or WhatsApp at Durban University of Technology. 

A comparison of first and second year students for classes using WhatsApp showed the participation of 

second year students was better than that of first year students, as shown in Figure 6. 
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Figure 6. Comparison of Clothing Management 1 and Clothing Management 2 student attendance at DUT. 

Because the majority of the students do not have access to a computer, the use of software such as 

Gerber and CAD as well as hands-on practical experiences were scheduled towards the end of 

semester when students were allowed to return to campus in smaller groups. The practical experiences 

were staggered so that when one group was attending laboratory work the other group was attending 

online classes. These online classes were recorded and uploaded for all groups to maintain safe social 

distancing. 

5.3. USA 

In preparation for a blended learning experience [22], faculty created demonstration videos using 

weaving, knitting, and print equipment present in the TJU laboratories and studios. Students were 

encouraged to view the videos before and during in-person learning experiences. Students view the pre-

recorded elements and also come to the campus for in-person experiences. 

Challenges arise during class time in the event of an error by the student. In traditional times, the faculty 

would stand beside the student to assist them in resolving the issue. During the pandemic, to maintain 

safe social distancing, faculty took one of two approaches: 

(1) they encourage the student to analyze the situation and talk through how to resolve it, or  

(2) switch physical positions with the student and address the complication.  

For Computer-Aided Design (CAD) based learning in Jacquard woven, electronic knit, and digital print 

development, methods were developed to permit students to access terminals on campus that run the 

specific software via a remote desktop client. In doing this, license permissions remained with the 

university, and students’ access to these resources is equitable. The faculty created several step-by-step 

procedure screen-recording videos for processes related to the software they teach. The video content is 

provided to the students via the university’s learning management system (Canvas). Students use 

valuable synchronous digital learning time to ask questions and present design development for critical 

review.  

The companies that produce this software are pushing for advanced simulation development to remove 

pressure from the strained supply chain. Students learn to analyze the simulation results compared to 

the textile goods produced on the studio’s industry-grade equipment. Analytics generated from these 

trials allow the students to create more realistic expectations for consumers and prepare them to design 

more efficiently.  
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6. Assessment 

Assessment of student work is of paramount importance. In this unusual environment, special attention 

was paid to the methods of assessment to ensure learning was happening. Comparisons between the 

traditional student performance and achievement in the emergency state was performed. 

6.1. Germany 

Traditionally, the courses are assessed by a final examination coupled with performance in laboratory 

experiences. However, with the transition to remote learning, it was decided to provide multiple 

assessments throughout the semester. 

For example, in Machines and processes in the clothing industry, several pieces of homework were 

combined to be considered part of the final exam. The faculty developed 4 individual tasks with defined 

deadlines. For instance, task 1 was: 

• create parametric 3D model of the sewing stiches, 

• visualize these models, 

• generate different human bodies with available open source software, 

• prepare cross sections of the generated body with ParaView, 

• calculate the circumference of the sections, and 

• simulate the garment on a human body using Blender, while varying the bending, areal 
density, and shear properties of the fabrics. An example of student work is shown in Figure 7. 
 

In contrast, another course, Construction of sewing and welding machines, used the traditional single 

final exam with no points awarded from homework during the semester. The participation with the online 

lessons was “moderate” – approx. 40-50% of the students were always online following the lectures, but 

the remaining students only checked the material asynchronously. The results in the exam were also 

“moderate”. For this subject it is difficult to create realistic tasks for doing things at home, because the 

main phases of the machine motion and the interactions between yarns and machine elements have to 

be studied. These can be shown with animations and video recorded films, but this is still passive 

learning, and not experimential. 

     

Figure 7. Three steps of simulation of the interaction between  

human body and cloth with the open source software Blender 

6.2. SA 

Due to the required change in teaching and learning modes from contact to blended learning, all 

examinable assessment methods for the Textile Science and Textile Technology programs were revised. 

Traditionally the assessment consisted of in-person course work with a major assessment at the end, but 

currently has transitioned to continuous assessment, where a number of formative assessments are 

graded and tallied throughout the semester to determine the final mark. 
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In this blended method each faculty member gives a number of graded assignments throughout the 

semester, with a minimum of 3-4 assessments around weeks 6, 9, 12 and 15, as well as additional 

assessment at the end of the course for borderline students (a make-up assessment). Students are 

given grades after each mid-semester assessment within a week of submission. The lecturers also 

provide feedback to the students regarding their performance in the class about their performance so 

far.  

6.3. USA 

The challenge of evaluating student textile work now encompasses a more extensive range of criteria. 

Color and texture evaluations relate to salability and market appropriateness. Scale, drape, stitch 

density, and other performance characteristics define end-use possibilities. Notably, the tactility of 

student produced textiles informs about success in student development. Removing in-person interaction 

with textile ideation, creation, and critique means that students and faculty had to communicate and 

assess those characteristics in novel and innovative ways. Documenting a collection of textiles as more 

than a grouping of flat surfaces, demonstrating the hand of fabric using video content, and using slide 

layout, color story, and typography as tools to enhance a collection are now criteria in assessing textile 

presentations. 

The absence of in-person critiques and the ability to evaluate the fabric's qualities in hand has forced the 

students to research and expand their digital documentation and presentation knowledge. Using 

cellphone cameras and photo-processing software, students build professional presentations that 

demonstrate their technical textile understanding and aesthetic abilities. Within one semester, the 

professional progression of student work is dramatic. In each step, evidence of more significant 

investment in their process and documentation is clear. With an uncertain future and a rapid transition to 

virtual interviews, students have adjusted rapidly to exhibiting and communicating the successes of their 

developments and their textiles’ physical attributes.  

7. Student Response 
7.1. US 

The forced remote instruction empowered the students to think critically about their process and issues 

that arose. Students were responsible for continuing to develop their creative practice with whatever 

resources they had at their disposal. In the Spring 2020 semester, one student created a circular knitting 

device from a hair curler and flat metal bobby pins to achieve the required tubular knit structure, as 

shown in Figure 8. Another student created dress forms from household items, including a makeup 

brush and pool noodle, to construct and display her capstone collection.  

 

Figure 8. Circular knitting device created at home by one of the textile students. 
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Students were asked to complete a voluntary survey about their experience with the classes this 

semester. They were asked to rate different elements of the course on a scale from 1 (very not-useful) to 

5 (very useful), including overall course progress, as well as synchronous lecture, pre-class readings, 

quizzes, discussion boards and pre-recorded videos. For one lecture-based engineering class, the 

students’ responses are shown in Figure 9. 

 

Figure 9. Student response to perception of usefulness of various elements of a lecture-based course. 

Students were surveyed to evaluate their perceptions of their ability to handle the online/remote classes. 

The results are shown in Figure 10. It can be seen that their feelings are distributed across the spectrum 

of responses. 

 

Figure 101. Students’ self-assessment of their ability to adapt to remote classes.  

Approximately 600 students participated in this survey. 

Students were also asked to evaluate how well their instructors have dealt with the transition. The results 

are shown in Figure 11. It can be seen that the students had a generally favorable impression of the 

faculty’s ability to adapt to the situation. 
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Figure 11. Students’ perceptions of their instructors’ ability to adapt to the remote  

teaching environment. Approximately 600 students participated in this survey. 

Focusing on the students who expressed difficulties with adapting, their comments fell into seven main 

themes: 

1. Lack of flexibility from professors as well as increased workload 

2. Need improved online delivery (format, programs, content) vs “busy work” 

3. Technology & internet issues at home 

4. Difficulty concentrating off campus (distractions) and adapting to online format  

5. Financial stress/unemployment/working multiple jobs 

6. Caring for family while at home & family issues 

7. Mental health issues/anxiety 

 

These students offered recommendations to improve the experience: 

• Partial tuition reimbursement 

• Refund for services no longer provided (i.e. gym, library, housing) 

• Provide further hands-on skills labs for soon to be graduate nurses 

• Professors need to work on making content and lectures more concise  

• Improve quality of course material delivered online 

• Decrease workload and provide leniency – many professors are unaccommodating  

• Improve communication from faculty to students 

8. Faculty Response 

The faculty response to the sudden switch to remote teaching was varied. For many faculty, the timing, 

restrictions regarding access to teaching spaces and limited resources created a significant challenge. 

Conversely, the transition required a switch to digital assignment submissions which created a greater 

ease of content collection for program assessment. 

The administrations in Germany and US developed robust faculty development programs, including “how 

to” videos, as well as online training sessions and workshops. Software licenses were provided to faculty 

for various digital tools. 
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In April, 2020, faculty in the US were asked in a survey to evaluate their level of confidence with online 

teaching. As can be seen in Figure 12, faculty expressed a fairly high level of confidence in their ability to 

teach online, which is consistent with student perceptions, although slightly more optimistic. 

 

 

Figure 12. Faculty survey response to the question “How confident are you with teaching online.”  

Response ranged from 0 (no confidence at all) to 10 (completely confident).  

Approximately 300 faculty members responded to the survey. 

9. Discussion and Concerns 

The challenges facing all of us are similar, but to different degrees. Students with no internet access (or 

poor-quality access) are a concern, although more common in SA than in the other countries. Even in 

the US, where it is mandatory for a student to own a computer while attending TJU, there are occasions 

where the device has failed, or a student could not afford one. In the past we would have directed such 

students to the public library, but those are closed.  

This mode of learning has presented various challenges and required faculty to do significant work 

before the semester began. These dedicated instructors learned to use video-recording equipment and 

video-editing software on their own time to generate these teaching tools.  

Learning environments are social communities. The studio/lab experience for members of the TJU textile 

student group solidifies the cohort’s bonds and develops the open channels of communication. This 

genuine communication impacts critiques and feedback opportunities as well as the sharing of 

knowledge and peer-mentorship. Those relationships are developed during hours working and 

supporting one another in the communal studio/lab environment. The concern exists that the loss of that 

open studio freedom might result in a shift in the studio culture. Faculty are working to develop online 

opportunities for students to interact and bond. So far, student buy-in to these experiences has been 

positive, but the future will show how the blended/hybrid learning experiences affect student interactions 

and peer-support. 

Generally, faculty felt that the transition was a heavy lift, requiring effort beyond their normal workload. At 

the writing of this paper, the US is in their 3rd semester of online teaching, and the faculty have adapted 

and have fewer complaints about the excess burden.  

Several faculty have indicated that there will be positive outcomes from this experience, as they have 

learned to use more digital tools that will be helpful even in the “normal” classroom environment. 
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In the knitting classes, the instructional videos that were developed to explain the operation of the 

machinery to students was very successful. Students came to the lab in small groups and the instructor 

observed that they were able use the equipment more effectively and with greater success than previous 

classes. Additionally, as they were knitting they were able to refer back to those videos and zoom in to 

see specific elements in detail. 

For labs that could not meet in person, small kits were assembled and sent to each student’s home so 

they could perform experiments remotely. Instructors provided introductory videos and the labs were 

performed online synchronously. The instructor indicated that this was effective and students expressed 

a positive experience including student opinions that there was less pressure when they were working at 

home than when surrounded by classmates. 

For large equipment, such as ultrasonic seaming, there was no solution for at-home explorations. It was 

necessary for the students to come to the university in person, but in small groups, to operate it. But for 

smaller equipment, some home sewing machines were purchased and sent around from student to 

student to experiment and develop practical skills at home. A rotating set of small equipment can be 

developed with students working on projects in a cyclical manner. 
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3D printing on textile fabrics can be used to create composites 
with position-dependent mechanical, water-resistant, magnetic or 
other properties. An important prerequisite to use such composites 
technologically or for design purposes is a sufficient adhesion 
between both materials. While previous studies revealed that soft, 
elastic printing polymers were advantageous to prepare 
connections with a high adhesion, not much research has been 
performed yet on the dependence of the adhesion on textile fabric 
structure, heat post-treatment, and the influence of washing, which 
is necessary for most applications of such composites. Here we 
investigate composites from thermoplastic polyurethane (TPU) 3D-
printed on two different woven cotton fabrics. Besides the 
expected strong correlation of the adhesion with the distance 
between nozzle and printing bed, we find a higher adhesion on the 
thinner fabric and an increase in the adhesion after one washing 
cycle. 
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1 Introduction 

During the last years, 3D printing has more and more emerged from a rapid prototyping to a rapid 

printing technology, allowing for producing single objects or complicated shapes which cannot be 

produced in a different way. One of the problems in the utilization of 3D printing techniques for a broader 

range of applications is the relatively low mechanical stability due to the layered production process, for 

which several research groups suggested different possible solutions [1-3]. 

Besides integrating nano- or microfibers into the filament, thermal post-treatment or inventing new 

polymers with improved mechanical properties [4-6], combining 3D printed objects with textile fabrics can 

increase the tensile properties of the 3D print and the stiffness of the fabric, respectively. While recently 

https://creativecommons.org/licenses/
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a first proof-of-principle showed that this combination is possible with stereolithography (SLA) [7], most 

research groups investigate combinations of textile fabrics with 3D printed objects produced by fused 

deposition modelling (FDM). 

In most cases, combining relatively dense fabrics without large pores with rigid 3D printing filaments, 

such as poly(lactic acid (PLA) or acrylonitrile butadiene styrene (ABS) results in severe problems with 

the adhesion between both parts of these composites, resulting in a large amount of research dealing 

with this challenge. Different groups found, e.g., an influence of the printing bed temperature [8], the 

textile structure [9-12] and especially the distance between nozzle and fabric [13,14] on the adhesion. In 

addition, chemical pretreatment of the textile fabrics [15,16] or thermal post-treatments [16,17] could 

alter the adhesion in a positive or also negative way. 

Another way to receive a strong adhesion between both parts of the composites is using thermoplastic 

polyurethane (TPU) or similar elastic printing materials which can more easily penetrate into the fabric 

and thus build form-locking connections [17,18]. In a previous study, we found that a thermal post-

treatment by ironing further increased the adhesion forces between TPU and warp-knitted fabrics [17]. 

Here, we report on printing TPU on two different cotton woven fabrics, partly using a heat press to 

perform thermal post-treatment under well-defined pressure, and testing the adhesion before and after 

washing to enable using such sandwiches for clothing applications. 

2 Experimental 

The 3D printer used is a CR-10S Pro (Creality, Shenzhen, China) with a nozzle diameter of 0.4 mm. 

Rectangles with dimensions of 120 mm x 25 mm x 0.8 mm were printed with a layer thickness of 0.2 mm 

and a printing speed of 15 mm/s for all parts of the objects (perimeters, top/bottom layers, infill). The infill 

density is 100 % with an orientation of ± 45°. The reference point for the printing bed leveling, performed 

by a feeler gauge at 5 positions, is 0.2 mm, i.e. the optimum height for printing directly on the printing 

bed. 

The tests were carried out with the TPU filament Filaflex 82A (Recreus, Elda, Spain) and two different 

fabrics made of 100% cotton. Thickness measurements were taken with a caliper gauge and with a 

textile thickness tester J-40-T (Wolf-Messtechnik GmbH, Freiberg, Germany). While the latter gives the 

conventional textile thickness, the first value measured a compressed thickness which is more relevant 

for the situation of 3D printing on the fabric, where the nozzle is also pressed onto the fabric on a small 

area. One fabric is 0.2 mm (0.37 mm) thick and has a firmer fabric structure (plain weave, warp threads 

22/cm, weft threads 25/cm), the other one is 0.4 mm (0.78 mm) thick and has a softer structure (twill 1/3, 

warp threads 18/cm, weft threads 24/cm). The textile fabric was glued onto the printing bed with green-

tape, slightly stretched so that the nozzle could not move it laterally. The filament was printed at a nozzle 

temperature of 230 °C. The heatable print bed remained deactivated. Offsets of -0.05 mm and -0.15 mm 

with respect to the reference height were used for printing, i.e. printing was performed “inside” the fabrics 

in all cases, with the distance between nozzle and printing bed being smaller than the textile thickness. 

Adhesion tests were performed with samples printed with both offsets. 

The heat post-treatment was performed by a heat press YF-14 (GuangZhou Amonstar Trade Co.,Ltd, 

London, United Kingdom). The thermopressing process was carried out for 10 seconds at 180 °C (thin 

fabric) and for 10 seconds at 200 °C (thick fabric), respectively, with constant pressure. The textile fabric 

was placed on the heated side of the press to prevent the polymer part from being heated too strongly. 

Some of the samples with and without thermal post-treatment were washed using a Miele Novotronic 

W986 WPS (Miele & Cie. KG, Gütersloh, Germany) and the textile care product “Der Weiße Riese” 

(Henkel Wasch- und Reinigungsmittel, Düsseldorf, Germany). Cleaning was performed using the “Easy 

Care 40 °C” program for 30 minutes, plus a 30-minute spin cycle at 900 rpm. For drying, the samples 

were hung on a clothes rack and air dried. 
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The adhesion between textile fabric and imprinted polymer was investigated on a Sauter universal 

testing machine at a speed of 100 mm/min. The procedure was based on DIN 53530 (for a sketch of the 

test, cf. [17]); the tests were evaluated in accordance with ISO 6133. For each sample, one end of the 

filament was manually detached from the textile and clamped in the Sauter machine to perform the 

adhesion force test. All tests were performed with 4 replicates. 

3 Results and discussion 

Fig. 1 shows the results of all adhesion tests performed on the raw, unwashed specimens, untreated or 

after thermal post-treatment. 

Firstly, comparing the untreated fabrics, it is obvious that printing at a lower nozzle position, i.e. at  

-0.15 mm (in other words 0.05 mm above the printing bed), is clearly advantageous for the adhesion. 

Unexpectedly, the highest values are here not reached for the thick woven fabric, but for the thin one.  

Comparing the heat-treated samples, they show mostly an increased adhesion force, with the values of 

the thin sample printed at -0.15 mm being similar to the one of the untreated specimens. The smallest 

adhesion forces can be found for the thick samples printed at the higher nozzle position of -0.05 mm. 
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Fig. 1 Results of adhesion tests after printing and partly heat-treating. 

To understand this behavior, Fig. 2 shows microscopic images of the untreated samples, comparing the 

back of the 3D printed parts after the adhesion tests. Interestingly, the TPU layers on the thin fabric (Fig. 

2a, b) show stronger imprints of the fabric on which they were printed than the TPU on the thick fabrics 

(Fig. 2c, d). This finding can be correlated with the thicker fabric being “softer” due to its twill structure 

which allows for shifting the single threads away during printing, while the plain weave structure of the 

thin fabric impedes sliding of the yarns. Besides, the imprinted structure seems to have sharper edges 

for the samples printed at -0.15 mm, as compared to those printed at the higher nozzle position, which 

underlines the importance of the distance between nozzle and printing bed. 

In both cases, a deeper look at the images reveals more fibers on the TPU layer, thrown out of the 

respective fabrics during the adhesion tests, for the lower nozzle position of -0.15 mm. This explains the 

clear differences between the adhesion forces of the samples printed at higher and lower nozzle 

position. 
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Fig. 2 Microscopic images of the back of the detached TPU after adhesion tests performed on the untreated 

samples. (a) thin fabric, -0.05 mm; (b) thin fabric, -0.15 mm; (c) thick fabric, -0.05 mm; (d) thick fabric, -0.15 mm 

Comparing the lower side of the TPU parts of the heat-treated specimens, the imprinted structures 

remain unaltered, while some more fibers detached from the textile fabrics become visible (not shown 

here). This indicates that although the temperatures used for heat-pressing are sufficient to soften the 

TPU, the polymer does not melt completely, so that the penetration into the textile fabric cannot be 

increased. Only the attachment to the upper fibers of the textile fabrics is improved, which is, however, 

sufficient to increase the adhesion in most cases significantly. 

Next, Fig. 3 depicts the results of the adhesion tests after washing the samples. Surprisingly, most 

values are larger than those measured for the unwashed samples, while the opposite behavior had been 

expected. 
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Fig. 3 Results of adhesion tests after washing the printed and partly heat-treated samples. Yellow bars indicate the 

average values of the raw samples, as shown in Fig. 1  
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Comparing the untreated samples, again the thin fabric with the lower nozzle position of -0.15 mm shows 

the highest adhesion. In case of the heat-treated samples, these show again mostly higher adhesion 

values then the untreated specimens, with a tendency to larger adhesion values for the samples printed 

at the lower nozzle position of -0.15 mm. Microscopic images of the back of the TPU parts do not show 

significant differences from the investigations of the unwashed samples. 

These tests indicate that washing does not generally reduce the adhesion between 3D printed TPU parts 

on textile fabrics. It must be mentioned, however, that the objects used here are thin layers which are 

less prone to be torn off the fabric than higher object which may be printed on clothing due to design 

aspects. Besides, here we show the results for a first washing test, while tests with 10 or more washing 

cycles must follow.  

The increase of the adhesion due to washing, found for most of the samples, is not easy to explain and 

needs further investigations. Washing was performed at 40 °C, i.e. far below the printing temperature, so 

that no structural modifications of the polymer layer can be expected. Thus, most probably, small 

changes happened inside the woven fabrics, i.e. relaxation processes as usual due to the combination of 

temperature, reduced yarn-yarn friction because of water and detergent, and the input of mechanical 

energy [19]. In this way, the fabric may become slightly denser, thus increasing the form-locking 

connection to the imprinted polymer layer. At the same time, the single cotton fibers may experience a 

better adhesion inside the yarn, so that pulling them out of the yarn, as it happens for many fibers during 

the adhesion test, will become harder. These assumptions, however, have to be investigated further in 

the future.  

Another topic which must be discussed is the length of the error bars in Figs. 1 and 3. In most cases, the 

standard deviations are relatively large. This can be attributed to slightly varying distances between 

nozzle and printing bed, either due to an uneven printing bed or due to small deviations stemming from 

the (manual) adjustment of the printing bed. 

While many printers nowadays offer the possibility to level the printing bed automatically directly before 

printing, this procedure is not possible if a textile fabric is already glued onto the printing bed. On the 

other hand, comparing the adhesion of the untreated fabrics, it is obvious that a height error of 0.1 mm 

already causes significant deviations of the adhesion (cf. Figs. 1 and 3). This suggests developing a 

procedure which enables auto-levelling in spite of textile fabrics being glued on the printing bed; a topic 

at which a recent study of our group is aiming. 

4 Conclusions 

Cotton fabrics of different thickness and woven structure were 3D-imprinted with TPU to test the 

adhesion between both partners of this composite. Unexpectedly, the adhesion of the untreated fabrics 

was higher on the thin plain weave fabric than on the thick twill fabric. On the other hand, the expected 

influence of the distance between nozzle and printing bed was verified. After heat-pressing the samples, 

these differences were largely leveled out. Washing the samples unexpectedly increased the adhesion 

slightly.  

As the large deviations of the adhesion within one specimen or between nominally identical specimens, 

printed on neighboring positions of the printing bed, show, it is necessary to define a process to allow for 

auto-levelling the printing bed for the case of a textile fabric glued onto the printing bed. 
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In fashion industry, creative ideas and new products appear in 
new collections of brands presented in several ways, such as 
fashion week, exhibition etc. Iranian menswear also had the same 
strategy, but because of features of their customers, usually they 
use same designs and products in their new collections. Achieving 
new products in fashion industry can be related to design and 
technology aspect. Here we are looking for important factors 
affecting new products in Iranian menswear and also aiming at 
understanding which strategy are utilized in these product lines. 
Firstly this is done by gathering data from the Iranian Fashion 
association and 3 big Iranian menswear brands, secondly by 
interviews with experts from Iranian menswear brands, looking for 
answers of the study question. Twelve factors released from 
literature of study are divided in four sections: fabric sector, 
garment and accessories sector, and market sector. In 2010-
decade, Iranian menswear brands focused on the technology 
factor in their new products, but during recent years, they changed 
their mind and now change direction to design departments. 
These phenomena happen due to the impact of social media on 
Iranian culture, with social media changing the behavior of the 
Iranian customer. Generally, accessing the directors of menswear 
brands was difficult, and during their interview they tried to hide 
some information. New products were an important factor in 
increasing market of any menswear brand. This study helps them 
to utilize the best strategy depending on their customers and 
market. This study confirms a new product’s impact on customer 
behavior and culture which could be difference with time. 
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1 Introduction 

Fashion industry is based on new products. The first generation of industrialization began from the 

weaving industry, which is related to fashion, during this time the most important factor for researchers 

and developers in terms of product quantity. After this time, in the 19th century haute couture was 

founded by the French designer Charles Fedrick Worth, also called the father of haute couture. In this 

time, creations of designers were most important factors for new products in fashion industries. Early in 

the 20th century, the famous fashion designers such as Chanel, Paul Poiret, Jeanne Lanvin, Elsa 

Schiaparelli, etc., changed the taste of fashion by their creative design. They also represented life style 

behind their fashion design. One of the famous designers was Chanel. After the Second World War, 

technology entered the fashion industry since one of the important materials that significantly changed 

this field was the newly produced polyvinylchloride (PVC). Those fabrics changed the collection 

atmosphere of fashion designer like Pierre Cardin [1] 

Today, new products in the fashion industry appear in the design of companies or utilizing new 

technologies in their products. Several fashion designers work on creating their designs, such as Rei 

Kawakubo, Ralph & Russo, Jeremy Scott etc. Their customers engage to new collections which they 

launch to the market; their followers are looking for each fashion week and fashion events in which they 

participate, their strategy based on customer engagement. They had several departments for designing 

their clothes, involving markets, suppliers, and designing [2].   

The Iranian fashion industry began at least 200 years ago when an Iranian king visited London and 

recognized the taste of fashion in European countries. After World War 2, the former Iranian regime paid 

attention to the fashion style, visible by the brides of the former Shah’s costume in their ceremony being 

from Dior, but after the Islamic revolution, fashion become forbidden for people. After some reforms in 

the government resolution, fashion became more accessible to the people, but in Islamic form. In 2005, 

the Fashion Association was established, showing a first idea of attention to fashion and life style after 

the Islamic revolution. 

Another kind of new product in fashion industries is based on new technologies, such as nanomaterials, 

Gore-Tex, Coolmax etc., purchased by brands such as Nike, Adidas, Puma etc. who used this kind of 

technology especially in sportswear. They focus on the market, suppliers, R&D centers which include 

scientists and designers. 

For customers all around the world, some factors for choosing clothes are identical: budget, function, 

brand’s reputation, culture, fashion trends, and quality. In the Iranian market environment, factors to 

choose clothes were the same, but some parameters were different during times, for example, after tight 

sanctions, when the budgets of people reduce, this became a major parameter. During these times, 

another parameter change took place by using smartphones, influencing culture and behavior of 

customers. Today people know more about the latest technologies launched in the world, during fashion 

weeks and other events. 

In the 4th generation of industrialization, social media and social networks play significant roles in all 

aspects of our lives. The fashion industry is affected by this revolution especially in some countries like 

Iran, because they had a different type of culture. Social media impacted their life and changed their 

behavior and culture, causing different reactions especially in men society.  

2 Background of the study  

The background of this study is given by many previous studies. Marco Brambilla et al. [3] worked on the 

effect of social media on the Milan Fashion Week, investigating Instagram posts and responds of brand 

followers, also concluding that brands could be subdivided in four categories with respect to social 

media. Geissinger and Laurell [4] studied the impact of social media on the Stockholm fashion week, 

observing social behavior of Sweden during the fashion week by choosing seven brands and 
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investigated the constellation of participating companies. They concluded that social media increasingly 

reached consumer realm.  

Bandinelli et al. [5] investigated new product developments in the fashion industry. For this purpose, 

eight Italian companies were analyzed by case study methodology. They concluded that three different 

stages were used for new product development (NPD) in fashion industry organization, process and 

knowledge management. In addition, customer services, roles of suppliers and competitors were 

important factors. Gherardi and Murgia [6] studied the staging precariousness of Milan fashion week, 

investigating the social movement during contemporary times and concluding that social changing 

affected the fashion week. 

Entwistle and Rocamora [7] worked on fashion materialized in London fashion week by investigating the 

buying strategies and behavior of customers in the London Fashion Week. They concluded that several 

players are active in this field, thus relations between them were important, especially arts and 

commerce. Dewi et al [8] investigated the risk management during NPD in fashion industries, using data 

from three different fashion companies and analyzing them by Failure Mode Effect and Critically Analysis 

(FMECA) and House of Risk (HOR). Their study showed critical risk events, critical risks agents and risk 

mitigation strategies. 

Goworek et al. [9] studied sustainable fashion during new product development in the UK by interviewing 

stockholders in the fashion sector. By analyzing thematically a range of responses, they concluded that 

fashion sustainability occurred through an improved knowledge, skills, process and infrastructure, if 

managerial decisions were taken to reduce barriers to longevity and to enhance the agency of NPD 

teams in this respect.  

Zhang et al. [10] worked on fashions cewebrities and scales in new product development, collecting data 

from Chinese companies by a survey. The study indicated that fashion companies have five attributes: 

attractiveness, trustworthiness, expertise, interactivity, and intimacy. These attributes were found to exert 

varying impacts on the product design, production and commercialization, thereby influencing the 

purchase intention differently. 

Bertola and Teunissen [11] investigated the 4th generation of industrialization and its effect on innovation 

in fashion industries. Using a literature review, they concluded that digital transformation, properly driven, 

could reshape the fashion industry into a more sustainable and truly customer-driven business. But they 

also underlined criticalities and slowness of adoption by traditional established brands and companies. 

Cazeri et al. [1] investigated the product develop process (PDP) based on 37 academic papers related to 

PDP, dividing them into five main categories. They found that 27% of them were related to design 

performance, 5.5% to human resources, 62% were related to knowledge resources, 5.5% to financial 

performance and 0% related to literature review. Svendsen et al. [2] investigated marketing strategies 

and customer involvement in product development. They concluded that two facets of marketing 

strategy, i.e. product differentiation and competitor orientation, positively influenced the customer 

involvement. Furthermore, specific investments dedicated to the relationship were also positively related 
with customer involvement, and customer involvement increased customer profitability. 

Lim et al. [12] investigated the strategic impact of new product development on the export involvement, 

and they concluded that supports of the argument that faster new product development capability must 

be augmented for companies looking for a higher degree of export involvement. In addition, they 

underlined the importance of integrating the marketing, R&D, and engineering functions to develop 

competitive advantages. Lindman [13] studied new product development strategies of SMEs, finding that 

SMEs tend to lack a long-run perspective and miss a clear role of new products in business strategy, 

while the goals regarding future products were not fully clear. In 2005, Pitta [14] worked on the market 

environmental system strategies of new products in China and concluded that information and action 

approach to new product developers were engaged in global marketing. 
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Fantazy and Salem [15] worked on the influence of strategy and flexibility in R&D on the improvement of 

efficiency. They revealed a direct positive effect from the strategy on NPD. Their findings also indicated a 

direct positive association between NPD and performance and revealed that the total effect (direct and 

indirect) positively influenced the performance. 

Hong and Ghobakhloo [16] worked on the effect of IT and new products on the Iranian markets. They 

showed that IT leveraging competence in NPD and NPD effectiveness were valuable key capabilities 

that transformed the value of IT resources to a company’s performance for Iranian small businesses. 

Investments in technical and human IT resources had positive effects on the development of NPD 

capabilities and thus a better performance in the surveyed companies. 

Identifying important factors of NPD was done by literature reviewing, during this process some 

references were used connected with this paper. The factors investigated are illustrated in Table 1, in 

which all items reveal direct connections to each other [2,15]. In this paper, firstly important factors for 

new product development in Iran fashion industries are identified, before ranking these factors by 

questionnaires form experts, suppliers and customers of menswear brands using the TOPSIS method, 

adopted for Iranian environment, and analysing them. 

3  Research methodology  

In this study, three big Iranian companies in the field of menswear were chosen from data of Iran fashion 

association center. The important criterion considered for collecting these companies was the amount of 

selling in a year and the number of chain stores across the country. Table 1 shows the brands A, B, C in 

Iran menswear industries. 

Table 1. Comparison of menswear brands A, B, C. 

Name of company Number of stores Amount of selling per year 
(million dollars) 

A 30 40 

B 25 33 

C 21 26 

 

By interviews with the commercial director, the art director and the CEO of the three brands mentioned 

above, 12 factors were extracted which were important for new products. The factors in Table 2 were at 

least three times mentioned in the interviews. 

Surveys were also sent to experts in menswear industries to collect their responses. From the 305 

people asked (all menswear factories in Tehran city from data of Iran Fashion Association including 

SEMs and big companies), just 110 responded, i.e. the confidence level is 89% and the margin of error 

6.5% for this this confidence level. On the Likert scale used in the questionnaires, each expert chose 

between 1 and 5 for any question (1 means low effect of that parameter on new product design in 

menswear and 5 means high effect of that criterion). Likert-type or frequency scales use fixed choice 

response formats and are designed to measure attitudes or opinions. These ordinal scales measure 

levels of agreement/disagreement. 

A Likert-type scale considers that capability of experience is linear, i.e., on a progression from strongly 

agreeing to strongly disagreeing, and assumes that conditions can be measured. In this study, the 

questions offered a choice of five answers with the objective point being neither agree nor 

disagree. Then this data were used for measuring responses in questionnaires. 
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Table 2. Important factors extracted from interviews with brands A, B, C. 

Item  Factor  Responder 

1 Choosing fabric All art directors + CEO of brand A 

2 Choosing accessories All art directors 

3 R&D department All CEOs + commercial directors of A and B 

4 Fabric design All art directors + CEOs 

5 Market demand All commercial directors + CEOs 

6 Customer behavior All commercial directors + CEOs 

7 Industry equipment All CEOs 

8 Supplier ability  All CEOs + arts directors 

9 Design department All arts directors 

10 Economic conditions  All commercial directors + CEOs 

11 Government law & resolution   All commercial directors + CEOs 

12 Social media influence  All responders 

 

Table 3. Average evaluation of experts. 

Item  Factor  Experts 

1 Choosing fabric 4.5 

2 Choosing accessories 4.3 

3 R&D department 4.4 

4 Fabric design 4.2 

5 Market demand 4.2 

6 Customer behavior 4.0 

7 Industry equipment 3.9 

8 Supplier ability  4.0 

9 Design department 3.8 

10 Economic condition  3.7 

11 Government law & resolution   3.6 

12 Social media influence  3.5 
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85% of the responders were female and 15% were male (most responder was female because there are 

more female than male workers and buyers in Iranian market). The education level of the responders 

was 3% PhD, 10% MBA, 10% Master of Arts, 62% Bachelor of Art and 15% without education level. 

Age’s comparison of the responders shows that 25% of them are below 30, 30% of them are between 30 

and 40 years old, 35% of them are between 40 and 50 years old, and 10% of them are above 50 years. 

Further, 70% of them had less than ten years of experience, 20% of them had 10-20 years of 

experience, 7% of them had 20-30 years of experience, and 3% of them had more than 30 years of 

experience. In Table 3, the average answers of the responders are illustrated.  

For sorting the criteria questioned in the survey, the Technique for Order of Preference by Similarity to 

Ideal Solution (TOPSIS) is used. TOPSIS is used for changing quality to quantity variables and helps to 

understand the effects more easily. This technique is based on similarities and differences to the positive 

ideal solution (PIS) and negative ideal solution (NIS) [17]. In this work, multi-criterial decision analysis 

(MCDA) methods are used. The TOPSIS process has six steps for ranking each item [18]: 

Step 1: Constructing the decision matrix which is created from 110 alternatives (amounts of experts in 

menswear section that responded to our questionnaires) and 12 factors (extracted from interview with 

arts director, commercial directors and CEOs of 3 major brands in Iran). 

D= 

⎣⎢⎢
⎢⎢⎢
⎡ 𝐴𝐴11 ⋯ 𝐴𝐴112𝐴𝐴21 … 𝐴𝐴212𝐴𝐴31 … 𝐴𝐴312𝐴𝐴41 … 𝐴𝐴412

… … …

… … …𝐴𝐴1101 ⋯ 𝐴𝐴11012⎦⎥⎥
⎥⎥⎥
⎤
              (1) 

where Aij is the response of the expert i to question j, followed by rating alternative 𝐴𝐴𝑖𝑖 with respect to 

criterion Vij evaluated by an expert, and Aijk=( Aaijk , bijk, cijk).  
Step 2: Calculating the normalize decision matrix, for better understanding and comparison of strategy 

factor all values transformed to the same scale by Eq. 2. 

rij= 
xij�∑ xij2110i=1                         (2) 

Step 3. The weighted normalized decision matrix is shown as matrix V, calculated according to Eq. 3. In 

the matrix V, for each staff of the 3 major menswear brand answer (CEOs, arts directors, commercial 

directors) all factor are weighted that were extracted from the interviews. 

V=[𝑣𝑣𝑖𝑖𝑖𝑖]𝑚𝑚∗𝑛𝑛 ,     i= I,2,3,…..,12;     j=1,2,3,……,110     V=

⎣⎢⎢
⎢⎢⎢
⎡0.8 ⋯ 0.7

0.6 … 0.6

0.8 … 0.6

0.9 … 0.7

… … …

… … …

0.8 ⋯ 0.8⎦⎥⎥
⎥⎥⎥
⎤
             (3) 

 𝑣𝑣𝑖𝑖𝑖𝑖= 𝑟𝑟𝑖𝑖𝑖𝑖  * 𝑤𝑤𝑖𝑖                      (4) 

Step 4: Determination of the PIS and NIS. According to the weighted normalized decision matrix, 

normalized positive TFNs are known as the elements ~mij, and their ranges belong to the closed interval 

[0,1]. Then, we can define the PIS 𝐴𝐴+ and the NIS 𝐴𝐴− as in Equations 5,6: 

 𝐴𝐴+= (𝑉𝑉1+, 𝑉𝑉2+, 𝑉𝑉3+,….., 𝑉𝑉𝑛𝑛+)                         (5) 𝐴𝐴−= (𝑉𝑉1−, 𝑉𝑉2−, 𝑉𝑉3−,….., 𝑉𝑉𝑛𝑛−)                          (6) 

where 𝑉𝑉𝑖𝑖+=(1,1,1,) and 𝑉𝑉𝑖𝑖−=(0,0,0) j=1,2,3,….,n. 
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Step 5: Calculating the distance of each alternative from PIS and NIS. The distances (𝑑𝑑𝑖𝑖+ and 𝑑𝑑𝑖𝑖−) of 

each alternative from 𝐴𝐴+ and 𝐴𝐴−can be calculated by the area compensation method. 𝑑𝑑𝑖𝑖+ = ∑ 𝑑𝑑(𝑣𝑣𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖=1 , 𝑣𝑣𝑖𝑖+),    i=1,2,….,m     ,      j=1,2,……,n             (7) 𝑑𝑑𝑖𝑖− = ∑ 𝑑𝑑(𝑣𝑣𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖=1 , 𝑣𝑣𝑖𝑖−),    i=1,2,….,m     ,      j=1,2,……,n          (8) 

Step 6: Firstly, Eq. 2 is calculated, then the weight of each factor asked from experts and their average is 

used for Eq. 4, before finally 3 variables are calculated from Eqs. 2, 4 and 7, to obtain the closeness 

coefficient and rank the order of alternatives. 

4 Result and discussion 

In the first stage of interviews with 3 member of 3 brands with different positions, the vision of the 

responders was important because each responder sorted criteria due to the stages of their career, for 

example all art director said that design of fabric and garment is important for new products, but 

commercial directors told that economic conditions and customer demands were important for them, 

while CEOs had a middle opinion, stating that both customer and design are important criteria for new 

products. 

This study shows that for new products in menswear industries, four main categories including design, 

supplier, market, and output criterion could be defined, each of which was subdivided into 3 items. The 

effect of government and their decisions was important; during recent decades this parameter influenced 

industries, but usually their obstacle decision acted like barriers, while all data indicated that the hands of 

government should be cut from industry. Table 4 shows the criteria sorted by 𝒅𝒅𝒋𝒋. 
Table 4. Sorted criteria after TOPSIS calculation. 

Item  Question  𝒓𝒓𝒋𝒋 𝒅𝒅𝒋𝒋 𝒗𝒗𝒋𝒋 
1 Government influence 0.021 0.0589 0.05301 

2 Design department 0.024 0.0555 0.0444 

3 Supplier ability 0.015 0.0532 0.03724 

4 Customer need 0.016 0.0529 0.02645 

5 Economic condition  0.022 0.0521 0.02084 

6 Industry equipment 0.021 0.0512 0.01536 

7 Market demand 0.019 0.0498 0.00996 

8 Choosing fabric 0.018 0.0490 0.0049 

9 Choosing accessories 0.023 0.0487 0.004383 

10 Fabric design 0.020 0.0480 0.00384 

11 Garment design 0.019 0.0456 0.003192 

12 R&D department 0.019 0.0436 0.003052 

 

This study was organized during the coronavirus pandemic, all menswear companies during this time 

faced massive problems because of the downfall of selling statistic and lockdown problem. This 

phenomenon affected the responses of our expert answers, where some new notion such as online 
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selling and 4th generation of industrialization make sense recently. All 3 brands were less affected from 

the pandemic just for their amount of budget, warehouse system and number of staff, in comparison with 

other menswear companies, but because of less ceremonies and events during this time, they were 

nevertheless influenced by the coronavirus pandemic (all of them produce formal clothes such as suits). 

According to Fig. 1 (which illustrates important factor in menswear), another factor which affected the 

study was sanctions. Iran economic face strict sanction during recent years and this caused government 

involvement in all detailed decisions for economy, these decisions and resolutions limiting the industry 

for free activity. These two factors should be considered during the study. 

Most of the designers believe that menswear needs less innovation in contrast to womenswear, but this 

research shows that experts in menswear believe that innovation and design of products have an effect 

on new products in this field. This suggests changes for the new generation which lives in the age of 

social media, nowadays people being in this environment more often than before and hence changing 

their behavior. Ten years ago, menswear industries demanded to produce products with special features 

such as nano-finishing, antibacterial finishing etc., but today most of them believe that cut and design are 

more important than all special features. For this change in customer and designer behavior, R&D 

departments become the last criterion. Life style becomes more important in recent times because of a 

new generation. 

 
Figure 1. TOPSIS results of important factors 

5 Conclusion 

In this paper, important factors for new product developments in menswear are ranked. The results 

reveal that the influence of government is extremely high. This factor affected other factors, by changing 

fundamental conditions of economy which need tough political decision. 

Twelve important factors were extracted in this study for improving new products in menswear industry. 

All factors extracted from interviews with experts were ranked by using the TOPSIS method. 

On other hand, this study was done during 2020 in Tehran, facing the corona pandemic, sanctions, high 

inflation and reducing the Rial (Iran currency) value. These conditions make a good reason for 

government to put their hand in economic order and law. For further investigation we suggest the effect 

of the pandemic on the behavior of the government to be investigated. 

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

S
co

re

Important factors



 

48 
 

References  

[1]  Cazeri, G. T., Ordoñez, R., Anholon, R., Pereira, C., & Rodrigues, E. Performance measurement in product 
development process (PDP): literature review and gaps for further research. Brazilian Journal of Operations & 
Production Management 2019, 16, 550-561. DOI: https://doi.org/10.14488/BJOPM.2019.v16.n4.a1. 

[2]  Svendsen, M. F., Haugland, S. A., Grønhaug, K. and Hammervoll, T. Marketing strategy and customer 
involvement in product development. European Journal of Marketing 2011, 45, 513-530. 

[3]  Brambilla, M., Ceri, S., Daniel, F. and Donetti, G. Spatial analysis of social media response to live events: The 
case of the Milano Fashion Week. WWW’17 Companion: Proceedings of the 26th International Conference on 
World Wide Web Companion, April 2017, 1457.1462. DOI: https://doi.org/10.1145/3041021.3051698. 

[4]  Geissinger, A., Laurell, C. Tracing brand constellations in social media: the case of Fashion Week Stockholm. 
Journal of Fashion Marketing and Management 2018, 22, 35-48. DOI: https://doi.org/10.1108/JFMM-12-2016-
0115. 

[5] Bandinelli, R.; Rinaldi, R.; Rossi, M; Terzi, S. New product development in the fashion industry: an empirical 
investigation of Italian firms. International Journal of Engineering Business Management 2013, 5, 31. DOI: 
https://doi.org/10.5772/56841. 

[6]  Gherardi, S.; Murgia, A. Staging precariousness: The Serpica Naro catwalk during the Milan fashion week. 
Culture and Organization 2015, 21, 174-196. DOI: https://doi.org/10.1080/14759551.2013.837051. 

[7] Entwistle, J.; Rocamora, A. The field of fashion materialized: a study of London Fashion Week. Sociology 
2006, 40, 735-751. DOI: https://doi.org/10.1177/0038038506065158. 

[8]  Dewi, D. S., Syairudin, B. and Nikmah, E. N. Risk management in new product development process for 
fashion industry: case study in hijab industry. Procedia Manufacturing 2015, 4, 383-391. DOI: 
https://doi.org/10.1016/j.promfg.2015.11.054 

[9]  Goworek, H.; Oxborrow, L.; Claxton, S.; McLaren, A.; Cooper, T. and Hill, H. Managing sustainability in the 
fashion business: Challenges in product development for clothing longevity in the UK. Journal of Business 
Research 2018, 117, 629-641. DOI: https://doi.org/10.1016/j.jbusres.2018.07.021. 

[10] Zhang, H.; Liang, X.; Moon, H. Fashion cewebrity involvement in new product development: Scale 
development and an empirical study. Journal of Business Research 2020, 120, 321-329. DOI: 
https://doi.org/10.1016/j.jbusres.2020.01.052. 

[11]  Bertola, P.; Teunissen, J. Fashion 4.0. Innovating fashion industry through digital transformation. Research 
Journal of Textile and Apparel 2018, 22, 352-369. DOI: https://doi.org/10.1108/RJTA-03-2018-0023. 

[12] Lim, J.-S.; Sharkey, T. W.; Heinrichs, J. H. Strategic impact of new product development on export 
involvement. European Journal of Marketing 2006, 40, 44-60. DOI: 
https://doi.org/10.1108/03090560610637301 

[13] Lindman, M. T. Open or closed strategy in developing new products? A case study of industrial NPD in SMEs. 
European Journal of Innovation 2002, 5, 224-236. DOI: https://doi.org/10.1108/14601060210451180. 

[14] Pitta, D. From market entry to new product development in China: Environmental Systems Control. Journal of 
Product & Brand Management 2005, 14, 119-122. DOI: https://doi.org/10.1108/10610420510592608.  

[15]  Fantazy, K. A.; Salem, M. The value of strategy and flexibility in new product development. Journal of 
Enterprise Information Management 2016, 29, 525-548. DOI: https://doi.org/10.1108/JEIM-10-2014-0102. 

[16] Song, T. S.; Ghobakhloo, M. IT investments and product development effectiveness: Iranian SBs. Industrial 
Management & Data Systems 2013, 113, 265-293. DOI: https://doi.org/10.1108/02635571311303578. 

[17] Hwang, C.L.; Yoon, K. Multiple Attribute Decision Making: Methods and Applications. New York: Springer-
Verlag 1981. 

[18] Saisse, R.; Lima, G. Similarity modeling with ideal solution for comparative analysis of projects in the context 
of the additional brics proposal. Brazilian Journal of Operations & Production Management 2019, 16, 659-671. 
https://doi.org/https://doi.org/10.14488/BJOPM.2019.v16.n4.a11. 



 

COMMUNICATIONS IN 

DEVELOPMENT AND ASSEMBLING OF TEXTILE PRODUCTS 

 

 

49 
 

Textile electrodes for bioimpedance measuring 
Judith Tabea Meding1,*, Khorolsuren Tuvshinbayar1, Christoph Döpke1 and Ferdinand 

Tamoue2 

1 Bielefeld University of Applied Sciences – Working Group Textile Technologies, Bielefeld, Germany 
2 KOB GmbH, Wolfstein, Germany; Ferdinand.Tamoue@kob.de 
* Corresponding author E-mail address: Judith_tabea.meding@fh-bielefeld.de 
 

INFO  ABSTRACT 

CDAPT, ISSN 2701-939X 
Peer reviewed article 
2021, Vol. 2, No. 1, pp. 49-60 
DOI 10.25367/cdatp.2022.2.p49-60 
Received: 17 March 2021 
Accepted: 15 June 2021 
Available online: 26 June 2021 

 

This article deals with the development and comparison of eight 
different electrodes made out of a cotton fabric substrate, a silver 
coated yarn and partly conductive finishes, i.e. a PEDOT:PSS 
Orgacon ICP 1050 dip-coating and a Powersil coating. The 
purpose is the application especially in the medical field of 
angiopathy like for bioimpedance measurements during 
compression therapies. To be able to compare the suitability of the 
electrodes, various tests have been performed of the coating 
abrasion resistance, the stability of electrical resistance values, as 
well as resistance and bioimpedance measurements. Significant 
differences between the electrodes regarding their resilience and 
resistance that are visualized in a value-added analysis were 
found, with one hand-embroidered, one machine-sewn and one 
commercial electrode showing optimum properties. 
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1 Introduction 

Bioelectrical impedance analysis (BIA) is commonly used as a significant tool in medical diagnosis. 
Several BIA applications in health monitoring are widely known and new approaches emerge from recent 
research. Innovative approaches are also being made in the textile medical engineering. There is an 
increasing amount of research on smart textiles [1,2]. These are based on data transmission within the 
textiles, so that formerly external measuring devices and output devices can be integrated in medical 
textiles. This requires robust and flexible data or power wiring to be integrated into the textiles.  

Bioelectrical impedance analysis is a diagnostic tool for physicians and scientists in medical engineering. 
It is used to determine the body cell mass, total body water, fat free mass, fat mass and other 
information of the human body [3-5]. For this, four suitable skin electrodes, commonly Ag/AgCl 

https://creativecommons.org/licenses/
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electrodes, are attached to the hand and foot of the right body side. A constant, imperceptible alternating 
current is introduced into the body via a pair of electrodes, usually at a fixed frequency of 50 kHz. The 
second pair of electrodes is used to measure the voltage drop caused by the body and to derive the 
impedance, the total resistance of the body. At the same time the phase shift of the introduced 
alternating current is determined, which is mainly dependent on the body cell mass. An LCR meter 
(inductance (L), capacitance (C), resistance (R)) in 4-wire sensing mode is used to perform the 
measurement. Changes to this common measurement setup can be made in order to focus on specific 
details. For example, it is possible to alter the measurement path through the body. 

A new aspect developed and explored in this paper is the usage of textile electrodes [6,7]. These are 
required for certain applications where the use of gel-based electrodes is not possible. Gel-based 
electrodes have the disadvantage that they are made for single measurements. If the patient has these 
electrodes placed on his body, over time the electrodes cause skin irritation.  

Another disadvantage of using electrodes that would require conductive gels is that compression 
bandages are sometimes applied, for staying on a limb for several days; in that case, electrodes placed 
beneath the bandages would not be accessible after the bandages application and would become dry 
with time. To make sure continuous measurements are possible, electrodes capable of functioning 
without any lubrification and overwhelming the skin dryness must be chosen for the BIA. 

As soon as textiles are fitted with sensors or electrodes, the electrodes are exposed to a variety of strain, 
unlike disposable gel electrodes; the electrodes have to be adapted to clothing’s usability constraints. 
This means that they cannot be thrown away after each measurement. Instead, they become part of the 
clothing and must perform measurements over a long period of time. For this, they are regularly washed 
in the washing machine and must still make reliable contact even after numerous washing cycles [8-11]. 
As Gaubert et al. [8] proved, this requires a strong resistance to water and detergents. The influence of 
sweat adds to the corrosion of the electrodes in frequent use and when worn for physical exercise. While 
this supposedly does not change measurement results [12], it can cause the electrode materials to fail 
over time. In addition to these influences, smart clothing creates a high stress on the integrated sensors 
due to the friction from body movement [13] and the internal clothing movement [11]. Zaman et al. [14] 
showed that different textile-based electrodes are damaged after Martindale abrasion resistance tests. 
The contact breaks after several cycles so that the electrodes fail. 

This article deals with the development of textile electrodes for bioimpedance measurements, which are 
made of a durable woven fabric substrate, comprising a silver-coated yarn and a chemical treatment with 
two different kinds of conductive coating [15]. Electrodes with different stitch patterns were manufactured 
and tested for their suitability in a given medical purpose (compression therapy). This includes 
measurements of the resistance and various tests on how the electrodes react to abrasion, sweat and 
washing. Finally, a set of bioimpedance measurements was performed to test the response of textile 
electrodes beneath a fine stocking. Our goal was to develop reusable dry bioimpedance electrodes 
prototypes, which are simple to produce and consist of materials with acceptable cost. Thus, it should be 
easy to replicate the electrodes without having to buy special equipment. 

Our measurement setup differs from the usual one used for bioimpedance measuring in terms of 
electrode placement and medical functionality. In the experimental case, we positioned the four 
electrodes in pairs of two onto the lower leg. One pair was closer to the knee and the other pair was 
closer to the ankle. This way, the electric current only runs through the leg instead of the trace from hand 
to foot. We performed a multiple frequency bioimpedance measurement to test the suitability of the 
electrodes. 

2 Materials and Methods 

At first, it is described how the textile electrodes are produced, and afterwards, how they have been 
tested and rated. 
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Fig. 1. Electrodes and sewing methods. Pure (upper images) and Powersil coated electrodes (lower images). 
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In total, eight different kinds of textile electrodes were developed (Figure 1); each type consisting of three 
variations (besides electrode 8): the untreated electrode (X.3) and two electrodes with different coatings. 
The eighth electrode is an industrially manufactured moss-embroidered non-coated electrode by the 
company ZSK Stickmaschinen GmbH, Krefeld, Germany and deals as an industrial comparison. The 
electrode has a diameter of 20 mm. The yarn is the Shieldex 33/10 dtex with < 4 kΩ/m. 

The ground material of electrodes 1-6 is a cotton denim fabric with the dimensions of 55 mm x 45 mm. 
Electrode 7 is a thinner cotton fabric patch with the same dimensions. Electrodes 1 to 5 consist of five 
machines stitched (W6 model N1800) rows of conductive yarn that are 5 mm x 35 mm big and have a 
gap of 5 mm between them. The rows are connected on both sides with the same yarn on their ends. 
Electrodes 6 and 7 are hand stitched. 

The stitching yarn is silver coated yarn (Shieldex 235/34 dtex 2-ply HC+B) with specific linear electrical 
resistivity <100 Ω/m. In Table 1, the settings and thread tensions of the machine-made electrodes are 
listed. 

Table 1. Sewing program and distance of the electrodes. 

Electrode 
No. 

Sewing program of the sewing machine W6 N1800 Seam distance (machine specific 
units, motor rotations 

1 C (zigzag stitch) 0.2 

2 A (backstitch) 2.2 

3 C (zigzag stitch) 2.8 

4 A + E (backstitch plus elastic blindstitch) 3.0 + 1.0 

5 E (elastic blindstitch) 1.0 

6 Handmade: “Zuu Orookh” (Mongolian stitching method 
“needle wrapping”) [16] 

- 

7 Handmade: “Khonin Kholboo” (Mongolian stitching 
method “sheep formation”) [17] 

- 

 

To increase their conductivity, the electrodes X.1 were dip-coated with 2.4 mg/cm² PEDOT:PSS 
Orgacon ICP 1050 with a sheet resistance of 120 Ω (manufacturer information) and hardened for 4 
hours at 60 °C. PEDOT:PSS is a conductive polymer, which is applied in liquid form. Through the 
oxidation, the polymer first enters the textile and then hardens and works like a hole conductor. Variation 
X.2 is a Powersil coating of 20.2 mg/cm², applied in two layers with a squeegee and hardened for 4 
hours at 60 °C as well. Powersil is a silicon with integrated graphite and carbon black and is applied as a 
paste. 

To find the most suitable electrode for bioimpedance measurements, a variety of stress tests and 
electrical measurements were performed and evaluated among each other with the value-added rating 
scale. At first, resistance tests were made to compare the general suitability as an electrode. For this, the 
multimeter Mastech PM334 was used. The electrodes were measured with crocodile clamps at the first, 
middle and last row. 

To find out how stable and durable the electrodes are against machine washing, they were washed 30 
times at 40 C, with detergents for fine laundry and wool, in a laundry bag, followed by spin cycling at 
1000 rotations per minute. After each washing process, the electrodes were air dried and then resistance 
was measured with the multimeter. 

The abrasion tests were performed with a Martindale abrasion tester according to the standard DIN EN 
ISO 12947-1:2007-04. Each electrode was measured after 10, 20, 50, 100, 200, 500 and 1000 cycles 
with the multimeter. 
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Fig. 2. Bioimpedance measurement with four electrodes. 

The last test is the bioimpedance measurement. A four-point measurement at the calf was made, as 
shown in Figure 2, with the HP 4284A Precision LCR Meter, within a frequency range of 0 - 200 kHz. 
The outer electrodes inserting an electric current into the lower leg to were placed at a distance of 5 cm 
from the inner electrodes from which the voltage was measured. These criteria are based on 
experimental testing methods which are commonly used for physiological evaluation of body fluid 
[18,19]. 

3 Results and discussion 

First, the resistance of the electrodes was measured, as shown in Fig. 3. Therefore, three electrodes of 
each type, i.e. three samples of each electrode and each coating variance, were measured on three 
different positions on the electrode, connecting a multimeter by crocodile clips. 

A low resistance is an indicator for good conductance. In the field of textile electrodes, resistances under 
10 Ω are good values. Electrodes 2, 4 and 8 are especially well conductive. 
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Fig. 3. Resistance measurements of the samples for the eight types of electrodes, whereas X.1 is coated with 

PEDOT:PSS, X.2 is coated with Powersil and X.3 is uncoated. 

The next step is washing, drying and measuring the resistance. The results are presented in Fig. 4. Each 
electrode was produced three times and each of them were measured three times on different positions 
(see above) then. Electrodes 1, 3, 5 and 7 were destroyed after ten washing cycles. The remaining 
electrodes have been washed 30 times in total. We can observe the following results: 
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Fig. 4. Resistance measurements of the respective samples for identical wash cycles: (a) electrode 1, (b) 

electrode 2, (c) electrode 3, (d) electrode 4, (e) electrode 5, (f) electrode 6, (g) electrode 7, (h) electrode 8. 
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First, the resistances within the same electrode group yield relatively similar values except for (c) and 
(g), where the resistance value for (c) PEDOT:PSS coated electrode remains quite stable and low, i.e. 
close to a value of about 15 Ω. The last measurement of the PEDOT:PSS coated electrodes reaches a 
high value close to 110 Ω, rising sharply from the previous value of 20 Ω. Therefore, we can exclude this 
one point for the moment in order to get stable and reliable values of resistance. Sample (h) (electrode 
8) is an untreated electrode. Thus, the graph depicts only one result for each measurement, and values 
remain between 3 Ω and 6 Ω. 

Second, the resistance value of the untreated sample (g) develops relatively high values after several 
washing and measuring cycles, which indicates that the resistance has been deteriorated.  

Third, the best electrode so far is sample 4 (Fig. 4d) where all resistance test values are lower than 
5.5 Ω. This allows us to conclude that washing has little or no significant effect on their resistance. In 
summary, the resistance of the uncoated and the coated electrodes was compared to find out the impact 
of the coating and possible advantages or disadvantages through it. 

 

Next, we carried out abrasion resistance tests and with a Martindale abrasion tester machine (Fig. 5). 
The resistance is measured after 0, 10, 20, 50, 100, 200, 500 and 1000 Martindale cycles. We can see 
large differences between the electrodes 3 and 4 (Figs. 5c and 5d). While electrode 3 starts with about 
60 Ω, it rises above the multimeter range of 30 MΩ after 1000 Martindale cycles.  

The electrodes 4 (Fig. 5d) and 8 (Fig. 5h) do not reach 4 Ω and do not show a clear effect of abrasion. 
This indicates that the denser the sewing, the more durable the sample becomes, and it is highly likely to 
be useful from a practical perspective. This means that the denser the seams are, the more resistant the 
electrodes are against abrasion and washing impacts and therefore the quality is steady in the long-term 
usage. 

We found that electrodes 4 and 8 perform best in abrasion tests. Electrode 6 shows a nearly linear 
resistance increase and doubles its resistance after about 500 cycles. Nevertheless, its abrasion test 
results are still better than other ones.  

 

The magnitude of the complex impedance, |Z|, evaluated by bioimpedance measurements, is depicted in 
Fig. 6. Criteria for the suitability of bioimpedance measurements are on one hand values higher than 
10 Ω, which implies a good skin contact, and on the other hand the values should lie within a range of 
30 Ω to 60 Ω at 50 kHz. Therefore, electrodes 4, 6 and 8 seem to be most suitable. Electrode 2 is only 
usable with a PEDOT:PSS coating but shows a high impedance in comparison to the mentioned 
electrodes in Figure 6.  

Generally, these measurements are made with a common impedance measuring device. Its input 
impedance is not matched with the high contact resistance between the textile electrode and the human 
skin. This is the reason for the large error bars, which depend on the contact resistance. In the future, 
special bioimpedance measuring devices are especially developed for these textile electrodes and the 
error of the contact resistance will be included into the development. Nevertheless, electrodes 6.1, 6.3 
and 8.3 lead to suitable values anyway. We emphasize that the measurement did not intend to measure 
the fluid content in the body segment. 
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Fig. 5. Resistance measurements of the respective samples abrasion processes: (a) electrode 1, (b) electrode 2, 

(c) electrode 3, (d) electrode 4, (e) electrode 5, (f) electrode 6, (g) electrode 7, (h) electrode 8. 
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Fig. 6. Bioimpedance measurements |Z| with our textile electrodes on one person: (a) and (b) electrode 2, (c) and 

(d) electrode 4, (e) and (f) electrode 5, (g) and (h) electrode 6, and (i) and (j) electrode 8. The graphs on the right 

side depict the magnified view of the graphs from the left side in the range of 0 to 5 kHz and up to 55 Ω. 

Table 2 presents the score of each electrode based on its performance. The highest score represents 
the best results for each or total test. We apply the rating scale using weighted value analysis to 
determine the most suitable electrode. Criteria include the resistance, the washability, the abrasion 
resistance, and the suitability for bioimpedance measurements. Since no large differences are visible for 
specimens with and without coating, all specimens belonging to one sample number are evaluated 
together. For example, Electrode No. 1-1, No. 1-2, No. 1-3 will be now averaged as electrode #1. 

The most important criterion is the resistance, which was weighted with 35%. Washability and 
bioimpedance suitability were equally weighted with 25 % and the abrasion resistance was weighted with 
15%. For each electrode, the first row indicates the rating for the criterion on a scale from 0-10; the 
second row is the product of the multiplication of the first row and the weighting. It is called the weighted 
rating. For example, electrode No. 1 received a score of 1.23 for the resistance. This value was 
calculated from the resistance, which has a weighting percentage of 35%, and a score of 3.5. To achieve 
the weighted value, the weighting percentage and score were multiplied, resulting in a value of 1.23. 

Table 2. Value added analysis of the electrodes 

Criteria Resistance Washability Abrasion resistance Bioimpedance suitability Σ 

Weighting 35% 25% 15% 25% 100% 

#1 
3.50 6.00 7.00 0.00 16.50 

1.23 1.50 1.05 0.00 3.78 

#2 
9.00 9.00 5.00 5.00 28.00 

3.15 2.25 0.75 1.25 7.40 

#3 
5.50 0.05 0.00 0.00 5.50 

1.93 0.13 0.00 0.00 2.05 

#4 
10.00 9.00 10.00 8.00 37.00 

3.50 2.25 1.50 2.00 9.25 

#5 
6.00 8.50 4.00 10.00 28.50 

2.10 2.13 0.60 2.50 7.33 

#6 
10.00 9.00 9.00 9.00 37.00 

3.50 2.25 1.35 2.25 9.35 

#7 
8.50 6.50 0.00 0.00 15.00 

2.98 1.63 0.00 0.00 4.60 

#8 
10.00 10.00 9.00 10.00 39.00 

3.50 2.50 1.35 2.50 9.85 
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The highest scores were obtained for electrodes no. 4, 6 and 8, as shown in Table 1. We can conclude 
that the score of electrode No. 8 is the highest as compared to the other electrodes. Electrode no. 8 
received the highest weighted score with a value of 9.85 out of 10. Electrodes no. 4 and no. 6 are the 
following preferred electrodes with weighted total scores of 9.25 and 9.35, respectively.  

4 Conclusions 

To sum up, electrode No. 8 meets the requirements best. It does not only prove a good range in the 
resistance, but also is durable against washing and abrasion. The bioimpedance measurements can be 
performed as desired, too. A disadvantage about this type of electrode are the high production costs. On 
the other hand, it already has industrial standard, so that a mass production of these electrodes might 
reach the same quality easily. Electrodes no. 4 and no. 6 are also suitable for medical application 
electrodes. 

For most aspects, the coating seems to be unimportant, besides for the bioimpedance, where it leads to 
a better skin contact. There we can see that the PEDOT:PSS coating leads to the perfect measuring 
range. 

In the long-term, the electrodes should be machine-made for quicker production processes. In this case, 
the hand-stitched electrodes might be machine-made too and analyzed again.  
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Many parameters affect sportswear comfort. Therefore, we 
selected five sportswear fabrics designed for jogging and hiking T-
shirts to study their structural characteristics and to investigate the 
influence of these characteristics on the clothing comfort 
properties. The areal weight, the thickness, the loop length and the 
course and wales densities were calculated. Investigations were 
performed on air permeability, water vapor resistance and drying 
time/rate properties of selected fabrics. We found that an increase 
in the mass per square meter and in thickness decreases the air 
permeability and increases the water vapor resistance of knitted 
fabrics. The air permeability is proportional to the loop length, 
while the water vapor resistance is inversely proportional to the 
loop length. Finally we did not find any significant relation between 
the fabric’s structure characteristics and the drying time/rate. 
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1 Introduction 

The human need of comfort is a way to improve the quality of life. It is fulfilled by providing a satisfactory 
and pleasant environment, foremost improving clothes, since we are dressed up all the time. The 
clothing comfort may be defined as a human psychological perception related to clothing ensemble, 
which is an outcome of the complex linkages between individual sensory stimuli received by brain, 
evaluation and weighing of all these stimuli to formulate subjective perception of overall comfort based 
on wear experience [1]. Comfort is a crucial requirement of clothing, which can be categorized into four 
aspects: physiological comfort, tactile comfort, ergonomic comfort and psychological comfort. 
Physiological comfort is a very complicated aspect, because it depends on the physical activity of the 

https://creativecommons.org/licenses/
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wearer (sleep, rest, walk, run) and the environment surrounding it (cold, warm, humid). Following this 
change, the physiological responses and the clothing interactions with the human body change too. 

During sports activities, several intense physiological mechanisms of heat loss are activated to prevent 
an excessive rise in body temperature and maintain thermal comfort [2]. The excess heat must first be 
transported from inside the body to the skin where heat can be lost through heat exchange with the 
environment. Once metabolic heat is transferred to the skin, there are different ways it is lost to the 
environment. Heat can be transferred within clothing in the form of conduction, convection, radiation and 
latent heat transfer by moisture transport. Conduction, convection and radiation are dominated by the 
temperature difference between skin surface and the environment and are therefore grouped as a dry 
heat transfer. On the other hand, latent heat transfer is achieved by moisture transmission related to 
water vapor pressure between the skin surface and the environment [3]. The clothes and the still air 
entrapped between the skin and the fabric’s inner layer form a barrier that influences the heat loss 
processes of the body. So the garment must have properties that promote the natural phenomena of the 
human body to avoid body hyperthermia and have a state of discomfort that could pass into a 
pathological state. Furthermore, the accumulation of liquid sweat on the skin or the fabric’s inner surface 
affects the physiological and tactile comfort of the wearer. Thus, studying and improving the thermal 
behavior governed by the air permeability and the water vapor resistance property of fabrics serves to 
enhance the clothing comfort. 

The properties must be explained by the structure; many research groups have studied the influence of 
the fiber’s, the yarn’s and the fabric’s structure on thermal and moisture management properties. Esra 
and Binnaz [4] investigated the thermal resistance, absorptivity and conductivity, air permeability and 
moisture management properties of fabrics made of different types of polyester yarns. The results 
showed that textured polyester yarn knitted fabrics had the highest air permeability values as compared 
to moisture management polyester with the same yarn count and knit structure. Lower filament number 
fabrics showed higher thermal resistance values in the same yarn count of fabrics. Moisture 
management polyester knitted fabrics showed the highest top absorption and one-way transport index 
value. 

Mikučionienė et al. [5] studied the influence of the loop length on air permeability of single jersey knitted 
fabrics. They found that an increase in the loop length of the knit increases their permeability to air. 
Similar results were found by Ebru [6] who investigated the influence of the knitting structure on water 
vapor and air permeability. Results showed that an increase in the loop length increased the permeability 
to air and an increase in the linear density of yarns decreased the water vapor permeability of the knits. 

Figen and Yıldıray [7] used FX3300-III air permeability tester instrument and SDL Atlas MMT Moisture 
Management Tester to investigate the air permeability and moisture management properties, 
respectively, of knitted fabrics with different knit type, yarn count and mass. They revealed that air 
permeability decreased not proportionally to the mass of fabrics, Rib fabrics had higher air permeability 
values as compared to single jersey fabrics, single jersey and rib fabrics’ moisture management 
properties decreased as the fabrics’ mass increased, and wetting time and absorption rate increased as 
the single jersey fabrics’ mass increased. 

Esra et al. [8] investigated the effect of fiber cross sectional shape on the thermal properties, water vapor 
and air permeability. Four type of fiber were used – round, hollow round, trilobal and hollow trilobal – to 
prepare two types of weaves: plain and twill. They found that the thermal conductivity increased in the 
fabrics woven with hollow fibers when compared to those woven with solid fibers, contrary to the water 
vapor and air permeability. The fabrics woven from trilobal fibers had lower thermal conductivity and 
thermal absorption and higher water vapor and air permeability values than those woven from round 
fibers.  

Sampath et al. [9] made five different fabrics from 150 denier polyester yarns constituting different 
numbers of filaments. They investigated their wetting, vertical wicking, transverse wicking, and moisture 
vapor transfer. They concluded that when the filament fineness in the fabric increased, wicking rate and 
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wicking height first increased and then decreased, while the wicking rate and wicking height increased 
with time for all fabrics. In transverse wicking, when the filament fineness increased, the area of water 
spread increased and correspondingly the time taken to reach saturation point also increased. 

In this study, we measured first the mass, loop length, thickness, course and wale density of five knitted 
fabrics made for sportswear, and then we studied the air permeability, water vapor resistance and drying 
time/rate as a function of the structure parameters. 

2 Experimental methods 

The specimens were cut at least 10 cm away from the selvage and creases and folds have been 
avoided. 24 h conditioning of the specimens and all experiments were carried out in a standard 
atmosphere of (65 ± 2) % relative humidity and (20 ± 2) °C temperature for testing. The mass per unit 
area was measured according to the test method EN 12127. The thickness was determined in 
accordance with the standard ISO 5084-1996 with 0.1 kPa pressure. Course and wale density values 
per cm were taken into account for the study in conformity with standard EN 14971:2006 method A. The 
loop length of 100 needles was measured according to EN 14970:2006. The TEXTEST Air Permeability 
Tester FX 3300 LABOTESTER III was used for accurate determination of the air permeability with a 100 
kPa pressure difference and 20 cm² test area according to ISO 9237:1995. The air flow through the test 
specimen is measured with a variable orifice. The air permeability of the test specimen is determined 
from the pressure drop across this orifice, and is digitally displayed in the selected unit of measure for 
direct reading [10]. To measure the water vapor resistance, the PERMETEST Sensora instrument was 
used in accordance with ISO 11092. The Permetest instrument is also called skin model, which 
simulates dry and wet human skin in terms of its thermal feeling [11]. 

The drying time was measured using an internal test method. Initially, the fabric sample’s (circular 
specimen size 100 cm²) mass was measured and recorded. Then, a (20 ± 2) mg distilled water drop was 
placed on the digital scale, immediately the specimen was placed (back side down) gently on the drop, 
the drop must be at the specimen’s center. At this moment the chronometer was launched. The mass 
was recorded at 2 minutes intervals until the mass has returned to the original fabric sample mass. The 
time when the mass has returned to the fabric initial mass is defined as the drying time. As shown in 
Fig. 1, the air can penetrate to the glass box from the top, the right and the left side in the test apparatus. 
The test is carried out in the normal conditioning atmosphere as mentioned above and without air flow, 
i.e. the air velocity through the exposed faces must not exceed 0.1 m/s. 

 

Fig. 1 The test apparatus for determining the drying time/rate. 
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In this internal test method, it is not mentioned how we calculate the drying rate, which is a key factor in 
the study of the drying phenomena of fabrics. So we referred to the international standard ISO 
17617:2014 for the determination of the drying rate. First, we calculated the percentage of water loss by 
mass Lt according to equation (1). Lt(%)=M0-MtMD ×100,            (1) 

where:  

- M0: mass of the wetted sample at t=0. 

- Mt: mass of the wetted sample at t. 

- MD: mass of the water drop. 

The mass unit used for all mass values in equation (1) is gramm (g).  

Then, the regression line of the water mass loss as a function of time is determined and the drying rate is 
defined according to the ISO 17617 as the slope of this linear curve. For each fabric three test 
specimens were considered in the measurement of the drying time and rate and their mean value was 
considered for this investigation. 

Figure 2 shows the evolution of water mass loss in time of the V93 fabric. The equation of the regression 
line is “y = 0.0323 x/min + 0.0172”, consequently the slope is equal to 0.0323/min. The drying rate of V93 
is 3.23 %/min. 

 

Fig. 2 Evolution of water mass loss as a function of time of V93. 

3 Materials 

Five types of knitted fabrics for sportswear were selected for this study. The knitting, dyeing and finishing 
were accomplished in VTL group (Société Tunisienne de Vêtement de Travail et de Loisir) in Tunisia. 
The yarns used in the study made with a natural fiber, wool merino, and man-made fibers with circular 
cross sectional shape: polyamide (PA) and polyester (PES). Four kinds of man-made yarns were 
employed: 100% PES, 100% PA, PA/PES mixture and PES COC. PES COC is a COCONA® polyester 
yarn made with polyester fibers that have 37.5® technology. They work through permanently integrated 
active particles that capture and release water vapor and actively react to body heat. The particles use 
the body’s infrared energy to accelerate the movement of vapor and evaporation of liquid.  

All fabrics were made on a single jersey machine, gauge E 28. Details of the knitted hoses made are 
given in Table 1. 
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Table 1. Details of the knit hoses. 

Code Pattern Composition Fiber fraction 

(%) 

Linear density 
(dtex) 

V06 Jersey crepe PES 43 83/72 

  PES COC 43 83/42 

  Elasthane 14 22 

     

V93 Jersey crepe PES 50 83/72 

  PES COC 50 83/42 

     

V05 Jersey crepe PES 50 83/72 

  PES COC 50 83/42 

     

V16 Honeycomb Wool merino 67 138 

  PES 33 55/24 

     

V19 Mesh 57% PA / 43% PES 96 77/82 

  PA 4 22/7 

 

As presented in Table 1, Fabrics V06, V93 and V05 have the same pattern and they are made with the 
same yarns except in fabric V06 which is plated with an elasthane yarn. The difference between V93 and 
V05 is the loop length. All fabrics were washed and dyed on industrial scale. Finishing treatments and 
heat settings were done on a stenter machine which is a specialist oven used in the textile industry for 
drying and heat treating fabric after wet processing. V93, V05, V16 and V19 underwent a hydrophilic 
treatment using ULTRPHIL® which is a moisture management agent, padded at a speed of 20 m/min 
with a liquor pick of 50%, bath temperature of approximately 20 °C and a drying temperature of 120 °C. 
Structure characteristics of the finished fabrics are presented in Table 2. 

Table 2. Structure characteristics of the finished fabrics. CV = coefficient of variation. 

Code Areal 
mass 

(g/m²) 

CV 

(%) 

Thickness 

(mm) 

CV 

(%) 

Course 
density 

(course/cm) 

CV 

(%) 

Wale 
density 

(wale/cm) 

CV 

(%) 

Loop length 

(cm) 

CV 

(%) 

V06 
 

133.08 1.2 0.670 2.1 16.0 0 25.0 0 21.6 2.9 

V93 
 

66.99 1.6 0.564 1.6 14.8 4.4 15.2 2.9 25.0 1.2 

V05 
 

108.56 2.9 0.572 2.9 17.5 2.9 23.8 4.2 17.1 2.0 

V16 120.96 1.1 0.924 2.6 18.0 0 32.0 0 Wool  23 
 
PES   17.2 
 

3.3 
 
2.5 

V19 89.89 0.9 0.524 1.7 17.3 0 22.8 0 PA/PES 21.3 
 
PA         13.6 

1.9 
 
1.1 

 

For a better understanding of the finished fabric’s structure and design, we took microscopic images of 
the front and back side of each one, as illustrated in Figure 3. The magnification scale of all fabrics 
images is x 51 except for V16 where we put a microscopic image less magnified then the other fabrics 
(x 32) to visualize clearly the honeycomb unit structure which is larger than the other samples. 
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Fig. 3 Microscopic images of the two sides of the finished fabrics. 

4 Results and discussion 

We plotted the error bars in all the charts of this section, to indicate the uncertainty of the reported 
measurements. Also the coefficient of variation (CV) has been found beneath 4% in the air permeability 
test, beneath 5% in the water vapor resistance measurements and beneath 6% in the drying time and 
the drying rate determination. 

4.1 The influence of fabric’s structure on the air permeability 

Air permeability is the rate of air flow passing perpendicularly through a known area under a prescribed 
air pressure differential between two surfaces of a material [12]. Air permeability values of fabrics used in 
the experiments are compared in Figure 4. 

 

Fig. 4 Air permeability of used fabrics. 

The highest air permeability value (V93) was noticed in the highest loop length and lowest course and 
wale densities, and consequently the lowest mass per unit area. The lowest air permeability values were 
found in fabric V19; this may be explained by the reduced number of macro pores through which most of 
the airflow permeates.  

When comparing V093, V05 and V06, the heaviest and thickest fabric V06 shows the lowest air 
permeability value. This is explained by the presence of Lycra yarn, which made the structure tighter and 
reduces the spaces within yarns, hence decreasing the airflow passing through the fabric. So an 
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increase in the mass per unit area and the thickness leads to a decrease in the air permeability of 
fabrics.  

When comparing V093 and V05, we found that air permeability increased significantly when the loop 
length increased. The air permeability is proportional to the loop length and inversely proportional to 
fabric’s mass per unit area and thickness. 

4.2 The influence of fabric’s structure on the water vapor resistance 

Water vapor resistance is the fabric’s resistance to transport the moisture (in vapor form) away from the 
skin. Fabrics have to evacuate this vapor before it becomes liquid, avoiding the fabric to get wet and 
reducing the uncomfortable sensation of the wearer [13]. According to Figure 5, the highest water vapor 
resistance was seen in V16 which is the thickest fabric and has the highest stitch density. The lowest 
water vapor resistance is visible in V93 which has the highest air permeability value, which is explained 
by the high porosity of this fabric that allows both the air flow and the water vapor to permeate through 
the fabric layer effectively.  

Comparison of jersey crepe knitted fabrics V93, V05 and V06, the highest water vapor resistance value 
was seen in V06. Similar to the air permeability, the heaviest and thickest fabric has the highest water 
vapor resistance. So, heavy and thick fabrics do not promote heat loss by evaporation. Accordingly, the 
water vapor resistance is proportional to the fabric’s square mass and thickness. From comparing V93 
and V05 we can say that an increase in loop length decreases the water vapor resistance of fabrics. 

 

Fig. 5 Water vapor resistance of used fabrics. 

4.3 The influence of fabric’s structure on the drying rate/time 

Drying rate is defined as the required time to dry a known mass of moisture from a textile fabric. It is 
expressed in drying percent per unit time. Another parameter related to drying is the drying time defined 
as the time for which 100% of applied water loss occurs [14]. The drying rate and time of all fabrics are 
compared in Figure 6. It is evident that the fabric having the highest drying rate is the fastest one to dry. 
The lowest drying rate was seen in V16 which contains the wool yarn. The absorption of water by the 
wool fibers makes the loss of water by evaporation more difficult than the hydrophobic man-made fibers 
where the water remains on the fiber’s surface.  

The highest drying rate among jersey crepe fabrics was seen in V05 which have the lowest loop length. 
Nevertheless, the drying rate cannot be explained by the loop length, since a great loop length difference 
between V05 (17.1 cm) and V93 (25 cm) shows an approximately same drying rate. Thus, there is no 
significant influence of the loop length on the drying rate. 
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Fig. 6 (a) Drying rate; (b) drying time of fabrics used in the experiments. 

5 Conclusion 

The main conclusions drawn from this work are: First, air permeability is low in tight fabrics. Second, an 
increase in the mass per unit area and the thickness leads to a decrease in the air permeability and an 
increase in the water vapor resistance of knitted fabrics. Third, the air permeability is proportional to the 
loop length. Fourth, the water vapor resistance is inversely proportional to the loop length. Fifth, the 
presence of a hydrophilic fiber affects the water vapor resistance and the drying behavior of fabrics. 
Sixth, there is not a significant relation found in this investigation of the fabric’s structure characteristics 
on the drying behavior of these fabrics. 

Breathability, moisture vapor transmission and fast drying are crucial in determining the comfort in high 
activity and sportswear clothes. Therefore, the most suitable fabric among the five knitted ones 
investigated is V93 and in second place we found V05. On the other hand, V06 and V16 are the two 
fabrics which behaved worst in maintaining a comfort sensation during activities. V19 can be improved 
by increasing the pore volume by increasing the loop length, for example.  

There must be a further investigation of the fiber’s and yarn’s composition and structure properties for a 
better understanding of the factors that affects the drying rate of textiles, and likewise, knowing the 
wetting and wicking behavior of textile structure. 
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The properties of the material used for the production of 
sportswear directly affect the heat exchange and sweat transfer 
that occurs at the interface between the skin and the environment. 
Thermography is a valuable method that provides insight into the 
patterns of temperature distribution on the surface of human skin 
that change during sports training or intense exercise. Such 
patterns can be further used to improve the design of sportswear. 
The experiment presented in this paper focuses on studying the 
changes in body temperature of the participating subjects during 
two typical types of training in football (condition training and 
tactical training). The duration of each training session was 60 
minutes and measurements were taken after each of the total 10 
training sessions. A thermal camera was used to measure the 
upper body temperatures of the players and professional software 
was used for further processing of the thermal images. In the 
analysis of the thermal data, the average temperatures for 9 
anterior and 9 posterior zones of the upper body were obtained. 
The results related to the changes in average temperature for 
each observed anterior and posterior zone and two types of 
football training are presented and discussed. 

Keywords 
Knitted fabric, 
Comfort, 
Properties, 
Polyester, 
Sport, 
Temperature, 
Thermography, 
Body 

  

 © 2021 The authors. Published by CDAPT. 

This is an open access article under the CC BY-NC-ND license 
https://creativecommons.org/licenses/ peer-review under 

responsibility of the scientific committee of the CDAPT. 

© 2021 CDAPT. All rights reserved. 

 

1 Introduction 

Research related to football includes various topics such as sociological studies, physiological, 

psychological, technical and tactical elements of the sport, coaching, and the prevalence of injuries. 

https://creativecommons.org/licenses/
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Physiological thermoregulation, triggered by temperature signals from the body and skin during athletic 

activity, attracts research. During athletic activity, the core temperature of the body increases, a limited 

amount of energy is converted to mechanical energy, while the rest is converted to thermal energy. The 

body has the ability to lose heat through evaporation of moisture on the skin. Thermoregulation is related 

to the thermal comfort of clothing [1]. Therefore, there is a growing interest in the thermal properties and 

moisture management of fabrics for sportswear, as well as in the properties of the fibers and yarns from 

which they are made. 

Thermography as a noninvasive and rapid measurement is widely used in sports science. The validity 

and reliability of this method for measuring skin temperature has been documented in a number of 

sports. Thermography for measuring thermoregulation of football players was used in the study by 

Dębiec-Bąk et al. [2]. The results of the study indicate better effectiveness of thermoregulatory 

processes in football players compared to students. In another study, a novel injury prevention program 

based on infrared thermography was established and its influence on injury incidence in professional 

soccer players was investigated [3]. The incidence of injuries was reduced by identifying players 

potentially at risk, and injury severity and days lost were also reduced. 

The relationship between energy expenditure and skin temperature during swimming protocol (front 

crawl and backstroke) was investigated by Seixas et al. [4]. Both swimming techniques increased skin 

temperature, but with different thermal patterns. Thermography was used in cycling to investigate the 

effects of saddle height on thermoregulation [5]. The aim of this study was to investigate whether 

different cycling postures, caused by different knee flexion angles, could affect skin temperature. In 

another experiment, thermography was used to investigate the changes in body temperatures of 

participating divers due to different wetsuit thickness and thermal environment [6]. The thermography 

showed the great influence of the environmental temperature, wetsuit thickness and physiology of the 

divers on the changes of skin temperature during immersion over time. In a study of runners, 

thermography was compared with thermal contact sensors to define the methodology for further 

research [7]. The stationary sensor showed a higher skin temperature after running than infrared 

thermography. Another study on runners investigated the relationship between skin temperature 

changes and muscle fatigue [8]. Correlation analysis performed to quantify the relationship between 

performance and temperature change over time showed that there was a significant negative correlation 

between the increase in skin temperature and the decrease in performance of the exercising quadriceps. 

A systematic literature review on the use of thermal imaging for the diagnosis of musculoskeletal injuries 

was conducted and found that infrared thermal imaging is a good diagnostic tool for musculoskeletal 

injuries [9]. Interestingly, no significant relationship was found between measured skin temperature and 

subjective assessment of muscle soreness in junior athletes [10]. 

Technical developments in the field of sportswear, high performance textiles and knitted fabrics for 

sportswear are also attracting increasing research attention. Knitted fabrics are preferred for sportswear 

due to their water vapor permeability, air permeability, thermal conductivity and moisture management 

as well as better elasticity and stretchability as compared to woven fabrics. Thermography was used by 

Salopek et al. to develop suggestions for sportswear for futsal players based on thermal body mapping 

[11]. The results of the study showed the importance of adapting the construction and fit of the clothing 

to the type of training. Heat and moisture transfer and air permeability in single jersey knitted garments 

and their influence on comfort were studied by Gupta et al. [12]. Finer yarns and higher loop lengths of 

knitted fabrics were more permeable to air and water vapor, making them more suitable for humid 

conditions. Nemeckova et al. used the method to measure moisture transport on knitted fabrics using 

thermographic and micro-thermographic systems [13]. Three types of knitted fabrics with the same raw 

material composition and fineness but different construction were studied, of which the interlock structure 

was shown to give the best results in terms of liquid absorption and transfer. In another study, 

thermography was used to observe the influence of different yarn types on the total drying time of knitted 

fabrics, which directly affect human comfort [14]. The results showed significant differences in total 

drying time between fabrics and the influence of elastane yarn on total drying time. 
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Synthetic fabrics are generally considered a better alternative for sportswear than natural fibers because 

they provide good heat and moisture management, allowing body temperature to be regulated. Polyester 

(PES) is the most commonly used fiber in sportswear because it is dimensionally stable, very durable, 

easy to care for, wrinkle resistant, and highly stain resistant. Hes and Ursache [15] investigated the 

cooling effect of knitted fabrics under simulated sweating conditions. They found that the highest cooling 

effect occurred with fabrics made of PES filaments with a grooved surface, which conduct moisture 

along the fabric. When polyamide or cotton fibers were present in the structure, the cooling effect was 

lower. The thermal resistance and air and water vapor permeability of various commercially available 

PES yarns were studied by Souza et al. [16]. The knitted fabrics with the highest thermal resistance 

values and the lowest heat absorption capacity and heat flow were those with higher air content in the 

fabric structure, which slowed down the heat transfer process. The air permeability of the fabrics seemed 

to depend on the fiber morphology. In terms of moisture management, Coolmax yarns achieved the best 

performance and Airclo and Seacell showed the best performance in terms of thermal regulation. The 

water vapor transport behavior of PES knitted fabrics with different thicknesses, densities, porosities and 

fiber cross-sectional properties was investigated by Prahsarn et al. using upright cup method, guarded 

sweating hot plate method and dynamic sweating hot plate apparatus [17]. The primary design criterion 

for a fabric for high water vapor transport performance is a structure that is both thin and open. 

In this study, thermography was used to observe the changes in skin temperature of football players 

wearing PES knitted sportswear. A FLIR E6 thermal camera was used for the measurements [18]. 

2 Methods and Materials 

The experiment presented in this manuscript focuses on studying the changes in body temperature 

during two typical football training sessions. A T-shirt (size L, in blue color, manufactured by Fotex 

company, Croatia) used as part of the official football clothing was selected for the study. The 

characteristics of the weft knitted fabric used for the production of T-shirts and the microscopic image are 

given in Table 1. The breaking force and breaking elongation of fabric were tested using the tensile 

tester Statimat M (Textechno Herbert Stein GmbH & Co. KG, Mönchengladbach, Germany). The gauge 

length of the tensile tester was (100 ± 1) mm and the dimensions of specimen (50 ± 0.5) mm x (200 ± 

0.5) mm. Specimen were cut in the direction of wales and courses. 

Table 1. Characteristics of knitted fabric. Dh/Dv = density horizontal/vertical. 

Microscopic image Fabric property Measured value 

 

Fiber composition 100% polyester 

Average surface mass 145.20 g/m2 

Average thickness 0.56 mm 

Fabric density (Dh/Dv) 18/cm / 22.5/cm 

Average breaking force  

in the direction of courses 

233.41 N 

Average breaking elongation  

in the direction of courses 

228.77% 

Average breaking force  

in the direction of wales 

473.73 N 

Average breaking elongation  

in the direction of wales 

72.61% 

 

The participants were four male veteran footballers in good health who had no health disorders, such as 

cardiovascular or metabolic disorders, and were assessed as healthy by completing a general health 

questionnaire. All were non-smokers and not taking any medication. The participants were (42 ± 3) years 

0.2 mm 
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old, had a body weight of (82 ± 5) kg and a height of (180 ± 5) cm. The research with the participation of 

volunteers was approved by the Ethics Committee of the University of Zagreb, Faculty of Textile 

Technology. The volunteers were advised not to eat one hour before the training sessions and not to 

consume alcoholic beverages 24 h before. During the training sessions, the volunteers wore the 

predetermined T-shirt as well as shorts, socks, and sneakers. They wore the same outfit during the 

measurements (both before and after training). They were further advised to take the usual amount of 

water. Before and after the training sessions, temperature measurements were taken on the entire upper 

body of the player. The experiment focused on two types of typical football training: condition training 

(further referred to as Tr1) and tactical training (further referred to as Tr2). The duration of each training 

session was 60 minutes and measurements were taken after each of the total 10 training sessions. 

Training sessions were held at 1-2 day intervals. The main difference between these two types of 

training is that tactical training is performed with the ball, while condition training is performed without the 

ball. Both types of training start with warm-ups and end with stretching. Condition training includes 

running, push-ups, crunches, burpees, etc., while tactical training includes ball control and passing, 

turning and facing, cone weaving, etc. Between each series of exercises, the volunteer had breaks of 30 

to 60 seconds to refresh himself. 

The FLIR E6 thermal camera (Flir Systems Inc, USA) was used to measure the upper body 

temperatures of the players at a distance of 2 m, always at the same location. The specifications of the 

camera used are: IR resolution 120 × 90 pixels; thermal sensitivity <0.10 °C, field of view 45° × 34°, 

temperature range 0 °C to 150°C (standard range is -20 °C to +250 °C), emissivity correction: variable 

from 0.1 to 1.0 (set to 0.98 in these measurements). The camera was held vertically and all 

measurements were performed by one person according to the suggestions given in ISO 18434-1:2008 

[19]. The example of thermograms for the anterior and posterior body is shown in Figure 1. The 

measurement was performed indoors with a controlled temperature of (21 ± 0.5) °C and relative humidity 

of (50 ± 5)%, without ventilation. Measurements were taken in the afternoon, during the spring season, 

just before the start of training and just after the end of training. The professional software FLIR Tools® 

(Flir Systems Inc, USA) was used for further processing of the thermal images. 

  

                 (a)               (b) 

Fig. 1. Example of a thermal images taken before training for: (a) anterior part of the body; (b) posterior part of the 

body. 

In the analysis of thermal data, average temperatures were defined for 9 anterior and 9 posterior zones 

of the upper body, as depicted in Table 2. The variation of measured temperatures between participating 

footballers was up to 5% for a single observed zone. 
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Table 2. Observed body zones. 

Anterior body zones Posterior body zones 

Designation Description Designation Description 

z1a Right upper arm z1p Right upper arm 

z2a Right chest z2p Right upper back 

z3a Mid chest z3p Mid upper back 

z4a Left chest z4p Left upper back 

z5a Left upper arm z5p Left upper arm 

z6a Right abdomen z6p Right lower back 

z7a Mid abdomen z7p Mid lower back 

z8a Left abdomen z8p Left lower back 

z9a Anterior pelvis z9p Posterior pelvis 

3 Results and discussion 

The results in terms of differences in absolute temperature between the measured pre-training body 

temperatures and the post-training body temperatures are shown in Figures 2 and 3. The results are 

presented for each observed anterior and posterior zone and two types of football training, i.e. condition 

training (Tr1) and tactical training (Tr2). 

Figure 2a shows that after condition training the body temperature in the anterior upper arm and chest 

zones drops by up to 2 K. The situation is quite different after tactical training, where the body 

temperature in the anterior chest area increases by up to 1 K, while it decreases in the upper arms. 

There is also a difference in temperature change between the left and right upper arms.  

As can be seen in Figure 2b, body temperature decreases in the anterior right and mid abdominal and 

pelvic zones after condition training, while it increases in the anterior left abdominal zone. The 

temperature decrease in the anterior right abdominal zone is more than 3 K. The difference in 

temperature change between the left and right abdominal sides of the body is even greater than in the 

upper arms. After tactical training, body temperature decreases by up to 2 K in the anterior left and 

middle abdominal zones. Again, the difference in temperature change between the left and right 

abdominal sides of the body sides is clear. 

Figures 3a and 3b show that after both condition and tactical training, body temperature decreases by 

1.2-3.7 K in all posterior body zones. The decrease is most pronounced in the right chest and mid 

abdominal zones. The differences in temperature change between left and right side of the body are also 

significant. 

From the comparison of Figures 2 and 3, the significant differences between the absolute temperatures 

in the anterior and posterior body zones can also be seen. 
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(a) 

 
(b) 

Fig. 2 Absolute temperature difference for anterior body zones (a) zones z1a-z5a; (b) zones z6a-z9a. 

 

The decrease in skin temperature over the selected muscle zones of the upper body seems to be related 

to the cooling effect of sweat evaporation. Sweating is the main thermoregulatory response by which 

heat balance is maintained after a rise in body temperature during exercise-induced heat load. 

Evaporation of sweat from the skin surface has a cooling effect because evaporation is an endothermic 

process [20]. It is important to consider other factors that could influence differences in skin temperature 

between body regions [21]. Body movement causes air movement around the body and could increase 

heat consumption and lead to lower local skin temperatures. Thermal insulation of clothing and 

obstruction of sweating may also cause differences in different body zones. On the other hand, sweating 

may moisten the clothing locally and evaporation may cause the local body temperature decrease. 

Individual characteristics of the subject (genetic and/or anthropometric and/or training factors) may also 

influence the skin temperature change [15,16]. 
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(a) 

 

(b) 

Fig. 3 Absolute temperature difference for posterior body zones (a) zones z1p-z5p; (b) zones z6p-z9p. 

 

The type of training also affects the change in body temperature. During graded load exercise, where the 

load on the body progressively increases (and the blood demand of the working organs also increases), 

the mean skin temperature decreases throughout the exercise. A continuous vasoconstrictor response, 

resulting in a progressive decrease in blood flow with increasing exercise intensity, is thought to be the 

reason for the decrease in mean skin temperature. In the case of constant load exercise, skin 

temperature decreases at the beginning of work due to the initial vasoconstriction of the skin and then 

reaches a minimum value, followed by a small and gradual increase over time. It is argued that the initial 

decrease and subsequent small increase in skin temperature is the net result of competition between the 

vasoconstrictor response, which lasts as long as the exercise continues, and the vasodilator response, 

which is induced by increasing body temperature [22]. 

The results of the unpaired t-test are determined with α = 0.05. The test compared the values of 
measured body zone temperatures after the training activity for two types of training. The results are 

given in Table 3. According to the p-value given, the differences are considered not statistically 

significant. As can be seen from the same table, a significant difference (p < 0.05) is defined only for the 

posterior pelvic zone. 
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Table 3. Results of the t-test. 

Anterior body zones 

Designation Description p-value 

z1a Right upper arm 0.6692 

z2a Right chest 0.8621 

z3a Mid chest 0.7385 

z4a Left chest 0.9492 

z5a Left upper arm 0.6534 

z6a Right abdomen 0.5547 

z7a Mid abdomen 0.4176 

z8a Left abdomen 0.8975 

z9a Anterior Pelvis 0.9340 

Posterior body zones 

Designation Description p-value 

z1p Right upper arm 0.5782 

z2p Right upper back 0.5400 

z3p Mid upper back 0.7693 

z4p Left upper back 0.3481 

z5p Left upper arm 0.9799 

z6p Right lower back 0.6776 

z7p Mid lower back 0.7389 

z8p Left lower back 0.7697 

z9p Posterior pelvis 0.0263 

Conclusions 

The aim of this work was to compare the changes in temperatures of the anterior and posterior body 

zones of an athlete due to different types of training. The results showed that: 

‐ after condition training, body temperature in the anterior upper arm and chest zones decreases by up 

to 2 K, while after tactical training, it increases by up to 1 K in the anterior chest zone;  

‐ after condition training, body temperature decreases in the anterior right, mid abdominal and pelvic 

zones, while after tactical training it decreases in the anterior left and middle abdominal zones; 

‐ after both types of training, body temperature decreases by 1.2-3.7 K in all posterior body zones; 

‐ for a number of zones, significant differences between left and right sides of the body are observed. 

 

The results of the study are expected to be applied in the design and development of specific sportswear 

for high-level professional football players. More specifically, these results can be used to design T-shirts 

in which individual cut parts (in specific body zones) are made of materials with different properties, 

especially in terms of sweat transfer.  
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1 Introduction 

The importance of virtual reality applications continuously increases e.g. in the field of online shopping. 

Yet, potential buyers have not been able to perceive product properties throughout the haptic modality, 

e.g. in textile industries. Humans have haptic sensors to feel the properties when swiping over the textiles. 

In case of virtual reality, however, humans do not interact with the real textile, but with a device. Now this 

device must represent the textile and has to simulate textile properties as far as possible in such a way 

that realistic sensations are generated. 

In several research projects, devices have already been developed that simulate textile properties [1,2]. 

The reproduction of static contours and shapes is already being used, for example, to feel control elements 

on touch displays [3]. These shapes represent static elements as virtual elevations on a flat screen. 

However, if you want to feel the texture, the roughness or the friction behavior of a textile surface by 

stroking your fingertip over it, the contours to be simulated are microscopically small. In this article, we will 

now investigate whether normal commercial touch displays in mobile devices can be used for this purpose. 

https://creativecommons.org/licenses/
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Typical mobile devices have features for vibration alarms. They act as an alternative signal transmitter if 

the acoustic signal is perceived as disturbing during a call or the visual display cannot be perceived 

immediately. For the user it is only necessary to distinguish certain vibration patterns from each other or 

to perceive a vibration haptically at all. The engines of the mobile phones are not designed for a large 

variation of vibration intensities and therefore only a low resolution of the intensity exists. However, due to 

the widespread use and the easy accessibility of smartphones and tablets, the “misappropriation” for textile 

surfaces will be discussed. 

The following chapter 2 therefore first describes the human sensors for haptic perception on the finger and 

their essential capabilities. Chapter 3 presents existing haptic devices for user interfaces both in terms of 

the haptic properties to be displayed and from the aspect of accessibility. Chapters 4 and 5 subsequently 

describe the developed mobile application and a user study conducted with it. Chapter 6 evaluates the 

results and derives conclusions about usability. 

2 Human haptic perception 

When evaluating the importance of each human sensory organ, one approach is to analyze the number 

of receptors and the amount of information perceived. Whereas most information is processed through the 

visual channel, the human skin comes out as the second most important sensory organ, being about 1000 

times larger than the other ones [4]. The skin’s sensors are distributed over the entire human body and 

the receptor density depends on the part of the body. For example, the fingers can detect extremely fine 

structures (down to 2.5 mm [5,6]), while at the back, the resolving capacity is lower, so that structures can 

no longer be distinguished that well [5]. 

Haptic perception is described as all sensory and motoric functions that are responsible for the sense of 

touch (tactile perception) and movement (kinaesthetic perception). While tactile perception is perceived 

through the skin’s mechanoreceptors, kinaesthesia describes activity and perception of the muscles, 

tendons, and joints [7]. Haptic perception describes the process of actively exploring objects and surfaces 

including both perception receptors (Fig. 1). Important tactile receptors are  

• Merkel cells: Slowly Adapting type 1 (SA-I) 

• Ruffini corpuscles: Slowly Adapting type 2 (SA-II) 

• Meissner’s corpuscles: Rapidly Adapting (RA) resp. Fast Adapting type 1 (FA-I) 

• Pacinian corpuscles: Fast Adapting type 2 (FA-II) 

 

Figure 1: Classification of haptic sensors, following [7] 

The slowly adapting receptors (SA-I and SA-II) detect the strength of the deformation, i.e. the depth of the 

skin’s stretching. They are mainly responsible for perceiving more static deformation [5]. Fig. 2 summarizes 
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the tactile perception by displaying the frequency ranges which each tactile sensor responds to. 

Furthermore, the figure provides the absolute threshold area for each receptor type. The average 

displacement threshold for the SA receptors is detected at about 50 µm (dashed line in Fig. 2) and they 

have their highest sensitivity at less than 20 changes per second (10 Hz). The rapidly adapting sensors 

(RA and FA) adapt very quickly to changing deformations. However, their sensitivity to stimuli decreases 

again after a short time. They therefore tend to detect rapidly changing stimulus patterns and are thus 

used to detect relative movements of objects on the skin and mechanical vibratory deformation. These 

sensors can sense vibrations at around 200 to 300 Hz with an amplitude starting from 10 µm. This is an 

indicator for the higher degree of sensitivity for the RA resp. FA sensors. 

 

Fig. 2: Frequency dependent perception thresholds of tactile receptors [27] 

The neurophysiological point of view is not ideally applicable to the human perception. Sensory stimuli 

may be filtered, but also combined for a more sensitive perception. Psychophysics, as in [6], discusses 

the effects of physical stimuli on the subjective sensation and perception. The detection threshold for a 

non-moving fingertip, e.g., is about 1 mm [8], whereas active haptic perception can detect bumps down to 

0.85 µm [9]. This allows distinguishing the roughness level of textile surfaces for evaluating its comfort. 

3 Haptic Devices 

With the biological concepts of haptic perception in mind, devices can be designed to target the sensor 

types as described in the previous chapter. According to Fig. 1, haptic devices can be divided into those 

that stimulate kinaesthetic receptors and those that stimulate tactile receptors. Kinaesthetic devices 

stimulate the receptors in muscles, tendons and joints. They use the feedback of force to interact with 

users. Such force feedback devices are often used as virtual training simulation cockpits or robotic assisted 

teleoperations [10]. But in this paper, we restrict the applicable domain to textile surfaces. Those are 

primarily sensed by skin receptors, which leads to an in-depth look for tactile devices. 

3.1 Concepts of Tactile Devices 

For contact-based mechanical stimulation there are two common approaches. The first one can be 

described as static displacement. Such devices replicate the shape and surface of an object as close-to-

reality as possible. The virtualization process requires multiple actor pins arranged in a matrix (pin-array). 

By giving each pin a separately controllable displacement output, different surface forms can be applied 

onto the device. This approach can be achieved, for example, piezo-electrically [11] or with electro- or 
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magnetorheological fluids [12]. A high spatial resolution array, with pins being about 0.5 mm apart from 

each other, was accomplished by using thermal-sensitive hydrogels [13]. 

The second approach can be described as vibrotactile. These devices do not aim for replicating the static 

shape of the surface itself. Instead they focus on giving a realistic impression and sensation of haptic 

surface properties, when feeling a virtualized object. This approach is supported by means of vibration 

[5,7] to stimulate FA receptors (cf. Chapter 2). Vibrotactile output of these devices is rendered through 

position tracking of the human contact area, such as the fingertip. Although not necessarily required, this 

method can be used in conjunction with previously described pin-arrays (e.g. [14-16]). Adding vibrotactile 

elements to pin-arrays vastly improves user experience [17]. 

More recent advances for tactile stimulation for consideration are non-contact stimulation via ultrasonic 

waves [18], generating friction with electrostatic fields [19] or electrotactile displays that directly induce 

current into the receptor’s nerve endings [20]. These technologies are especially useful for low-noise 

devices over motoric actuators. 

3.2  Mobile consumer devices as haptic user interfaces  

Using previously described concepts, several haptic devices were developed, often as a result of research 

projects. These devices were not designed from the point of usability, but for very specific applications and 

further scientific studies. Their technical design usually requires additional equipment, making them 

therefore often quite large, heavy and thus uncomfortable for consumers and for transport. These research 

products are generally not easily accessible on the consumer market.  

In contrast mobile consumer devices, such as smartphones and tablets, are prevalent around the world. 

Leading corporations are striving to equip common displays with tactile functionality. This enables feeling 

control elements such as buttons intuitively on displays through haptic feedback. The simulation of tactile 

surface properties creates significantly higher requirements. 

Mobile devices utilize a vibrotactile approach (cf. Chapter 2) with two widespread technical 

implementations: eccentric rotating mass (ERM) and linear resonant actuator (LRA). ERM’s rotating 
unbalance causes the device casing to vibrate on the rotational plane. Due to their simple nature, ERM 

technology is still more dominant on the mobile device market. However, if the haptic user experience is 

to be improved, manufacturers prefer newer LRA implementations. LRAs work similar to voice-coil 

principles of loudspeakers. Their dynamic properties are characterized by faster response times than ERM 

actuators [21]. LRAs are installed, e.g., in newer iPhone models with Apple’s Taptic Engine [22] or in the 

Sony Xperia XZ2 device for enhancing media playback experience by additionally providing haptic 

feedback (Dynamic Vibration System – technology) [23]. 

3.3 Conclusion 

The spatial pin densities of tactile pin arrays vary from 2 mm to 3 mm per pin (e.g. [12,14-16]), but can be 

reduced to 0.5 mm with manufacturing processes for semiconductors (cf. Section 3.1). When used as 

static displacement devices, this would be sufficient since the pin density meets the fingertips spatial 

threshold (cf. Chapter 2). However, textile surfaces generally have far more defined contours, where 

distances between surface levels are possibly within microns. In addition to a swiping movement, this 

results in a vibration from a finger’s point of view. As human receptors can sense vibratory skin 

displacement up to 800 Hz (cf. Fig. 2), they can distinguish finer surface structures, such as textiles. 

Therefore, a vibrotactile approach is preferred over static displacement, to precisely stimulate FA 

receptors. 

Since mobile devices, such as smartphones or tablets, are widely used, their suitability for a haptic user 

interface is the central task of this paper. Conventional built-in vibration motors oscillate at 7.000 to 12.000 

rpm (rounds per minute) [7] and thus specifically target Pacinian corpuscles (cf. Chapter 2). Since they 
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provide visual and auditive feedback, a multimodal aspect may be included, enhancing user experience 

by targeting multiple perception channels. 

With these aspects in mind, we would like to test the following scenarios: Is it possible to feel the texture 

and roughness of the textile surface, the friction behavior and, to a certain extent, the softness of the textile 

surface when swiping over the display of a mobile device? Consequently, a mobile application is proposed, 

that is tested on Sony Xperia XZ3 mobile phone, the successor of the Sony Xperia XZ2 model on an 

Android operating system. With the integrated LRA, the haptic virtualization application substantially 

benefits from better transient response, as stated earlier. 

4. Mobile Application 

4.1. Haptic rendering 

While the main purpose of mobile devices’ vibrations is silent alerts, a haptic inspection process requires 

a precise control of the vibrating device. In this paper, the procedure of exploring a textile surface with a 

fingertip is virtualized by replacing the inspected surface with a smartphone’s display. While the finger 
swipes over the touch screen, the application generates a vibration pattern according to the surfaces’ 
contour, giving the impression of an actual textile by its property roughness.  

In this section, we introduce an algorithm for continuous adaption of haptic feedback depending on the 

finger trajectory. For this purpose, the textile surfaces are measured and digitalized by 3D scans. The 

resulting point cloud serves as a function 𝑧 = 𝑓(𝑥, 𝑦), with 𝑥, 𝑦 spanning the surface plain and 𝑧 being the 

corresponding height level (Fig. 3). 

 

Fig. 3: 3D scan example of a textile surface 

This function may be encoded within a grayscale image, with 𝑧 matching to the image’s pixel values.  
Now, by tracking the finger’s movement [𝑥(𝑡) 𝑦(𝑡)]𝑇 and combining it with previously described height 

function results in a temporal height function: 𝑧(𝑡) = 𝑓(𝑥(𝑡), 𝑦(𝑡))                       (1) 

Having the surface height variation history, this function is processed by a haptic feedback algorithm to 

set a proper output on the vibration element. Due to similarities in the auditory and haptic perception, the 
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input data are pre-processed by means of Fourier transformation (Equation 2), a common approach 

implemented in haptic applications [14,24]. 𝐹(𝜔) =  ℱ{𝑧(𝑡)}                        (2) 

After performing Fourier analysis, a convenient amplitude must be applied onto the vibrating device. 

Allerkamp et al. [14] proposed a generalized haptic signal, consisting of two base frequencies at 40 Hz 

and 320 Hz, thus targeting both SA and FA sensors (cf. Chapter 2). With a suitable superposition of the 

two frequencies, one tries to stimulate any haptic feeling. A similar basic idea underlies the RGB model. 

Here, too, any other color is generated by superposition of the 3 basic colors, i.e. by the superposition of 

the different wavelengths respectively the corresponding frequencies. However, our selected hardware in 

conjunction with its underlying vibration API [25] is limited to oscillate at a single pre-set frequency. As 

stated earlier, the concept is not to exactly replicate the surface contour, but to stimulate a comparable 

tactile impression. For this purpose, a weighted root mean square (RMS) is calculated from the discrete 

Fourier spectrum 𝐹(𝜔𝑖), as seen in Equation (3). An RMS emphasizes dominant frequencies over multiple 

minor frequencies and assesses them a higher value. 𝑃 = 𝑐𝑣√1𝑛∑[𝑐𝑟𝑒𝑐(𝜔𝑖) ∙ 𝐹(𝜔𝑖)]2                    (3) 𝑃 describes the input parameter of Android’s vibration API [25], representing the oscillation amplitude. 

Equation (3) includes a frequency-dependent weight factor 𝑐𝑟𝑒𝑐 that resembles different sensitivities of 

each sensor type (cf. Chapter 2). Values for 𝑐𝑟𝑒𝑐 are selected according to the relative average detection 

threshold (cf. Fig. 2Fig. 2). Consequently, sensors operating in higher frequency bands (FA-I, FA-II) are 

given a higher weight factor, as seen in Equation (4). 

𝑐𝑟𝑒𝑐(𝜔) = {  
  1 6⁄ , for 𝜔 < 10 Hz1 2⁄ , for 10 Hz ≤ 𝜔 < 40 Hz1, for 40 Hz ≤ 𝜔 < 800 Hz0,  else                  (4) 

Before 𝑃 can finally be applied onto the vibration motor, Equation (3) still contains an unknown variable 𝑐𝑣. 
As the mobile device’s displacement parameter are neither found in its data sheet, nor can it be reliably 

determined by internal sensory, this amplification constant will be discussed in a follow-up perception study 

(cf. Chapter 5). 

4.2 Android App 

Our approach was implemented by developing an app for Android-based handhelds. The app including 

the mobile device hardware serves as the haptic user interface, whereas textile-related information is 

stored on an external database. The app accesses the database by sending HTTP requests over the 

internet to its web service. The server provides a catalogue along with a property set (e.g. type of fabric, 

materials), containing textile surfaces being available for inspection. After browsing and on item selection, 

the app fetches the necessary data for tactile rendering from the web service, including the item’s surface 
profile. 

When developing an Android app, its interfaces (such as Wi-Fi, touchscreen, or sensors) can only be 

accessed throughout the operating system API that may cause limitations on the user interface. Input-

wise, the retrieval of a finger’s trajectory is controlled by the Android framework with efficiency purposes 

[26]. On the one hand, input data is delivered at undeterminable timestamps (being around 15 ms to 70 ms 

apart, depending on the rate of input change). On the other hand, multiple samples are batched together. 

Equation (2) from Chapter 4.1 is practically implemented by Fast Fourier Transformation (FFT). This 

algorithm though requires temporal equidistant sample data in contradiction to Android’s motion data. In 
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order to perform the FFT algorithm, additional samples are computed by means of linear interpolation (cf. 

Equation (5)), with 𝑡𝑖 , �⃗�(𝑡𝑖) being provided by the motion framework. (𝑥(𝑡)𝑦(𝑡)) = �⃗�(𝑡) = 𝑥(𝑡𝑖+1)−�⃗�(𝑡𝑖)𝑡𝑖+1−𝑡𝑖  (𝑡 − 𝑡𝑖) + �⃗�(𝑡𝑖)   with 𝑡𝑖 ≤ 𝑡 < 𝑡𝑖+1          (5) 

On the output-wise limitations it was discovered that sending a vibration request to the device’s API causes 
the LRA module to halt, before oscillating with the desired amplitude. Too frequent updates seriously affect 

user experience. Therefore, a minimum update interval of 50 ms was found to feel continuous vibration 

and suppress perceivable stops of the actuator. A constant time interval is preferred, however, since a.) 

Android operating system does not provide real-time execution to guarantee specified cycle time, and b.) 

the algorithm could possibly miss on valuable input data. The time window for the FFT is equivalent to the 

current update interval and its time stamps have to be determined for each iteration. 

5 User study 

Finally, a user study is conducted for the mobile application. The study serves two purposes: subjective 

user evaluation and determining an amplification factor for 𝑐𝑣 (cf. Equation (3)). 

       

 (a) H71 Shirting fabric, very smooth       (b) B1 Denim, medium rough          (c) H31 costume fabric, very rough   

Fig. 4: Textile samples used in the user study with increasing roughness from left to right 

The experimental setup consists of a Sony Xperia XZ3 smartphone and three textile surfaces with their 

structure ranging from very smooth to very rough (cf. Fig. 4). The subjects’ task was to explore the textiles 

by moving their fingertip over the surface. For each surface their virtual resemblance on the smartphone 

shall be inspected and adjusted, so that the feeling of virtual and actual textile is as close as possible to 

the Point of Subjective Equality (PSE), e.g., introduced in [20]. For this purpose, a modified application 

was installed, which included a slider to modify the vibration intensity (cf. Fig. 5). 

The subjects were asked to obtain a PSE value for a slow (2 cm/s) and a fast (10 cm/s) swiping movement, 

which were visually monitored. The smartphone was fixated on a table to suppress the device moving and 

to restrain receptor stimulation to the fingertip only. 

13 subjects in total, six female and seven male, in the age from 18 to 34, resp. 50 and above participated 

in this experiment. Subjects were asked about their textile expertise, ranging from beginner to expert, 

where two declared as advanced and the remaining as beginners. None of them had experience in haptic 

human-machine interaction. Participants were given an introductory training phase with the total 

experiment duration lasting approx. 30 minutes. 
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Fig. 5 : Textile inspection view of the user study's application 

For each sub experiment the average PSE value resp. standard deviation from all participants are 

presented in Fig. 6. The medium rough textile B1 denim achieved the lowest relative standard deviation, 

meaning a high level of agreement from all subjects. B1’s surface is mainly perceived by means of friction, 

rather than its structures and contours. The mobile device’s oscillation direction parallel to the finger’s 
motion proves to be advantageous over vertical displacement, when stimulating a friction effect. This result 

complies with the participants’ comments: H71’s shirting fabric surface was too smooth, when swiping over 

the real textile, complicating the replication on the handheld’s glass surface. PSE values were set on the 

individual perception threshold, rather than identifying equal points of tactile feels. The H31 costume fabric 

on the other hand displayed strongly defined textures even in a static context, which cannot by imitated by 

the plain glass surface. Often the PSE values were set to maximum intensity, which exceeded the 

vibration’s output range. Therefore, the mobile device as a haptic user interface may function with textiles 
within a specified roughness range, as surface virtualization for both too smooth and too rough surfaces 

collide with device limitations. 

 

Fig. 6: Mean PSE values with standard deviations for slow movement (left) and fast movement (right) 
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The algorithm described in Section 4.1 proves to be a suitable approach, but requires refinement, e.g. 

including textile properties (such as stiffness), since the PSE mean values show discrepancies among 

each sub-experiment while having the earlier discussed device restraints in mind. 

The rather high standard deviations illustrate a highly individual perception, which requires a user-specific 

scaling factor. This could be determined by an initialization run with a few common reference textiles. 

 

6 Conclusions 

The aim of this project was to test whether properties of a textile surface such as roughness and friction 

behavior can be realistically simulated with the help of a mobile consumer device (cf. Section 3.2). For this 

purpose, it is helpful to be able to use measured and thus objectively detectable data.  

In our case, the surfaces of the textiles were measured using a 3D scanner. From this, roughness 

parameters were determined according to DIN EN ISO 4287:2010-07 and serve as the basis for the haptic 

algorithm which controls the motor in the mobile device. Fig. 7 shows the output of the described haptic 

algorithm (x-axis) and the measured roughness values (y-axis). The plot shows the expected high degree 

of correlation between the considered quantities, since both characteristics were derived from the same 

measured value, the 3D scan. The correlation coefficients are 0.92 for the center roughness, 0.93 for the 

profile depth and 0.95 for the maximum roughness depth.  

The results of the user study show that the algorithm described in Section 4.1 proves to be a suitable 

approach, but requires refinement, since the PSE mean values show discrepancies among each sub 

experiment. For a further improvement of the sensation, a consideration of additional objectively 

measurable parameters in the algorithm is also conceivable. For example, fiber stiffness is not yet taken 

into account by the 3D scan of the textile. 

 

Fig. 7: Correlation between optical roughness and vibration output 

However, the smartphone's surface and the haptics engine's properties proved to be limiting. The 

hardware's shortcomings were particularly evident on very smooth and heavily textured surfaces. The 

motor's non-centered placement also falsifies the user's sensation. 

Several test persons registered a heat development of the display as annoying when brushing over the 

hard glass surface. The heat development should therefore be taken into account in future developments. 

Sweat on the fingers also affects the sensation. Other surfaces or a cover could help. 
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Finally, subjects were asked whether this application would influence their online shopping behavior. 

Despite the limitations, five replied, such a device would probably support their shopping decision, with 

three more being undecided.  
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1 Introduction 

When a material is subject to an applied tensile extension in a given direction (εa), the material will 

demonstrate an extension in the other orthogonal, transverse, directions (εt). Poisson’s ratio ν for a given 

material is defined as the negative ratio of these two values [1]: ν =  −εt/εa. For most materials, 

Poisson’s ratio is positive. There are a few materials that have negative Poisson’s ratios, as a result of 
their molecular structure. These tend to be highly porous foam-like structures [2]. In fact, the behavior 

comes from the microstructural geometry of the foam [3]. Materials with negative Poisson’s ratios are 
called auxetic. 

Expanding the auxetic microstructure to a larger scale, there is a well-established field of research to 

evaluate structural systems that demonstrate auxetic behavior through the use of structural elements at 

a much larger scale than molecules or pores, by combining triangles [4], squares [5], or auxetic 

hexagons [6]. 

There are a range of applications for auxetic materials, including biomedical [7], sports [8], and textiles 

[9]. One of the interesting properties is the ability of auxetic materials and structures to form synclastic 

shapes (including domes and spheres), as opposed to traditional materials which form anticlastic 

https://creativecommons.org/licenses/
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(positive Poisson’s ratio) or even monoclastic surfaces (high shear modulus), as illustrated in Fig. 1. A 

synclastic curve is formed from an increase in dimensions in both direction and shearing of the surface, 

monoclastic requires no stretch and no shear, and anticlastic one has shearing as well as an increased 

length in one direction and decreased length in the other. 

 

Fig. 1. Classification of curved surfaces as synclastic, monoclastic, or anticlastic. 

Design and modeling of novel auxetic materials and structures is a developing field. In this paper, we are 

examining a methodology for creating auxetic membrane structures using 3D printing combined with 

textile materials. The result is a quick method of producing auxetic structures that are durable and 

suitable for a range of applications. 

2 Auxetic shapes 

The classic example of an auxetic structure is a hinged hexagonal system. If we consider a framework 

produced in a hexagonal, honey-comb type of shape, assuming it is a pin jointed truss where the 

members are stiff and the joints have no resistance to rotation, we create a structure that has a 

traditional behavior, as shown in the top of Fig. 2 [10].  

 

Fig. 2. Comparison of traditional honeycomb shape with positive Poisson’s ratio (top) and an auxetic structure 
formed from an inward facing hexagon demonstrating a negative Poisson’s ratio, thus an auxetic material (bottom). 
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But changing that hexagon to a convex, inward facing one, as illustrated in the bottom of Fig. 2, the 

behavior of the structure changes dramatically. This is due to the orientation of the structural elements. 

In order for the inward facing arms of the hexagons to extend horizontally, they must rotate around their 

joints, resulting in an increase in the height of the structure. The specific Poisson’s ratio of this structure 

depends on the relative length of the horizontal elements to diagonal elements, and the angle of 

orientation of the inward facing diagonals. 

It should be noted that this behavior is easy to demonstrate and model for an idealized (perfect) truss 

with no resistance to joint rotation [10]. In an actual material system, the behavior is not perfect. 

There are many different geometries that can accomplish auxetic structural behavior. The key 

component is the rotation of individual structural elements that interact with each other to create the 

auxetic behavior. 

Investigators have considered a range of possible systems, such as star shaped inclusions, to create 

auxetic composites [11], interlocking hexagons [6], or trilobal inclusions in foam [8], or other types of 

“missing rib” structures embedded in foam [12]. 

2.1 Auxetic yarns 

Auxetic behavior has also been demonstrated in linear systems, such as yarns [13]. The principle here is 

a bit different than the auxetic structures identified above. The idea is to make a yarn structure that 

increases in average diameter when stretched in the axial direction. This is accomplished through the 

use of two different yarn systems, one notably stiffer than the other. In a structure often termed helical 

auxetic yarn [14], or HAY, the stiff element is wrapped around a core of the less stiff element, as shown 

in Fig. 3. Upon application of axial load, the stiffer wrapper resists elongation and uses the applied 

energy to move to the center rather than extend. The lower modulus core element can deform and move 

into an outer spiral.  

 

Fig. 3. Schematic illustration of an auxetic yarn (helical auxetic yarn) showing relaxed state (top) with a low 
stiffness core and a high stiffness wrapper, the same yarn under axial tension (bottom) wherein the low stiffness 
core has stretched and moved to the outside while the high modulus wrapper moves to the center, creating an 

increase in the effective diameter of the yarns. 

The exchange of positions between core and wrapper result in an auxetic yarn, i.e. in an increase in the 

effective diameter of the yarn. In general terms, the effective diameter of the relaxed yarn Dr can be 

estimated in terms of the core diameter, dc, and the wrapper diameter, dw: 𝐷𝑟 = 𝑑𝑐 + 2𝑑𝑤 (1) 
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When it is fully extended, the diameter De can be approximated as 𝐷𝑒 = 2𝑑𝑐 + 𝑑𝑤 (2) 

Thus, the diameter of the composite yarn varies by approximately (dc − dw), depending on the applied 

load. The magnitude of that change depends on the starting diameters of the two elements. 

It is important to note that, as illustrated in the drawings, this is the effective diameter. The entire volume 

is not filled with yarn, but rather the projection of the diameter along the axis of the yarn shows the 

auxetic behavior. 

2.2 Auxetic textiles 

There is also a significant amount of research in ways to create auxetic textiles [15,16]. One approach is 

creating fabrics using the HAY systems described above. This is not a particularly effective method, as 

the yarns themselves, carrying the load, will try to resist the negative Poisson effect, as illustrated in 

Fig. 4. Further, the yarns in the perpendicular direction will resist the expansion in that direction. 

 

 

Fig. 4. Schematic illustration of a woven fabric with HAY yarns, relaxed in the top image and under load in the 

bottom image. 

When the yarns in Fig. 4 expand due to the negative Poisson’s ratio, they need to move out of their 

original position because of the expansion of the neighboring yarns. In order to carry the load, the 

individual yarns must be held in some position. Thus, the motion of the expanding yarns attempts to 

make a curved path rather than the original straight path. This creates compressive forces at the sides of 

the yarn and these forces attempt to reduce the expansion of the yarns. 

Although woven fabrics made from HAY yarns are not particularly auxetic in practice, they do change 

permeability and porosity significantly when under load making them good for applications such as blast 

protection [14].  
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A number of researchers have explored the potentials of incorporating auxetic shapes (see above) into 

warp knitted fabrics so that the yarns formed into auxetic patterns [17,18]. These structures appear to 

provide the auxetic behavior, relying on the use of elastic yarns in addition to stiffer yarns to make the 

transition. Most of the configurations only have the negative Poisson effect in the first loading, and are 

not reversible [19]. However, some work has been done attempting to create reversible warp knitted 

fabrics that demonstrate auxetic behavior [20]. 

Nonwoven fabrics can be designed to produce auxetic behavior in the thickness direction only through 

proper needle punching [21]. 

A different approach to inducing auxetic behavior in textile structures is through folding techniques, 

inspired by origami arts [22-24]. The basic concept is to make the fabric in a highly folded configuration 

and in effect the material oriented in thickness direction reorients into the transverse direction, resulting 

in a negative Poisson’s ratio in the transverse planar direction, but a highly positive value in the 
thickness direction [25]. A typical origami folding pattern is shown in Fig. 5. This technique has been 

used to fold textiles, holding the creases through an ironing or pressing procedure. Variations on the 

folding patterns exist, and all generally can create auxetic behavior in the plane of the folded system. 

 

Fig. 5. Schematic illustration of an origami folding pattern that creates auxetic structures used for paper or textile 
materials. 

3 3D printing on textiles 

There has been a rapid growth in research regarding 3D printing in recent years driven by the low cost 

and material efficiency of the technology. Combining 3D printing and textile materials is still a relatively 

new research area [26-28]. This method offers the promise of “4D Textiles” – hybrid textile/3D printed 

structures that can change structural form with time [29,30]. The adhesion between substrate and printed 

polymer is important for long-term stability of the developed structure [31]. 

Because the textile material is highly flexible, as opposed to the relative stiffness of the printed polymer, 

in the hybrid system the textile acts as a unifying hinge and structural reinforcement that can permit and 

restrain both flexure and torsion.  

In the process described here, an elastic knitted fabric was used as the textile substrate. This allows pre-

stretching of the fabric prior to printing, in which case the textile is a repository of stored elastic energy. 

This method of storing energy is commonly employed in 4D textiles [32], typically to create curvature or 

to provide a mechanism for assisting shape transformation. In the process described, a pre-strain level 

of 50% in two orthogonal directions was applied to the knitted fabric prior to printing. This opens the 

pores of the fabric, but also provides some energy that pulls the structure towards the center, as 

illustrated in Fig. 6. 
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Fig. 6. Photomicrograph of elastic Jersey knit with no stretch (left) and after 50% stretch in both x- and y-directions 
(right). 

The fabric stretch is maintained during printing with a flat metallic plate that has pins at the sides, as 

shown in Fig. 7. The fabric is measured and marked prior to stretching on the plate to ensure the proper 

dimensions are achieved. The pins do not provide a perfect boundary condition, as can be seen, but 

near the center of the fabric the strain field is relatively uniform as was demonstrated in Fig. 6. 

 

Fig. 7. Weft knitted fabric stretched and held in place on a plate prior to 3D printing. Pins at the edges of the plate 
hold the fabric still during the processing. 

In this research, the polymer was printed onto the fabric surface using a Mass Portal Pharaoh XD® 

printer using a 0.4 mm nozzle. This printer uses 1.75 mm thermoplastic filaments with two filament feeds 

and a heater capable of printing at 300 °C. The auxetic forms used for printing were designed with 

SolidWorks®. After exporting them as STL files, G-codes of the sliced model was developed using 

Simplify3D®. During the slicing process, all printing parameters, such as printing velocity, layer thickness, 

flow rate, etc. could be defined. The G-codes were sent to the 3D printer and used to print the structure. 

Details of these printing parameters are contained in Appendix A. 

3.1 Auxetic structures on textile substrates 

For example, as illustrated in Fig. 8, a structure such as the corner joined squares could be printed onto 

a textile material. The flexible nature of the textile should allow the structural shapes to create the auxetic 

behavior. The initial goal was to develop a 3D print/textile hybrid that demonstrated the auxetic behavior 

shown below. 
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Fig. 8. Simulation of rectangular auxetic structures joined at corners showing auxetic in-plane behavior. 

The 3D print/textile hybrid requires two elements – the 3D printing design and execution and the 

selection of an appropriate textile substrate. In order to get this structure printed onto a textile, it is 

necessary to create a model of the print. There are several critical aspects of the print model: 

• Design a joint for the corner which is capable of repeated flexing. 

• Ensure the polymer bonds well with the textile substrate. 

• Provide sufficient stiffness to the frame element. 

To accomplish this, the design employed used two different polymers during the printing process. A 

polylactic acid (PLA) was used as a soft material to provide the corner hinge. This was also used as a 

base layer for the entire structure because the low viscosity PLA provides a good infiltration with the 

textile substrate. 

For the structural square, acrylonitrile butadiene styrene (ABS) was printed. This has a much higher 

stiffness and higher glass transition temperature than the PLA. The print pattern was two layered – first a 

layer of PLA and then a selective layer of ABS, as illustrated in Fig. 9. During printing, the ABS and PLA 

were each provided in the form of a filament with diameter of 1.75 mm.  

 

Fig. 9. CAD drawing used to control the printer for the two-layer system. In this illustration dark green represents 
the ABS and light green represents the PLA. 

As mentioned previously, the substrate needs to be able to rotate at the joint. The localized shear strain 

field on the textile will be quite high, and thus a highly extensible, low shear modulus fabric is needed. An 

elastic jersey knit, formed from polyester yarns with Spandex, was used. This fabric has low shear 

modulus, high extensibility, and good elastic recovery. 

Initial experiments involved printing acrylonitrile butadiene styrene (ABS) onto the pre-stretched jersey 

knit fabric (formed of polyester/Spandex yarns). After printing rectangular shapes onto the fabric, the 
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fabric was slit selectively to allow the fabric to function as a rotational hinge for the structure. If the fabric 

was not slit, the tensile modulus of the fabric would fight against the expansion in the transverse 

direction. By slitting the fabric, the knit functions primarily as the hinge material in addition to providing a 

protective membrane inside the printed squares. 

A sample of a 3x3 printed auxetic square structure is illustrated in Fig. 10. The resulting structure had a 

very strong auxetic behavior, and a tendency to returning to the original form. However, repeated 

loadings resulted in delamination of the ABS from the knit fabric, particularly at the corners of the 

squares where stresses are highest. 

 

Fig. 10. Experimental study of a 3x3 rectangular auxetic formed from ABS printed onto polyester/Spandex jersey 
knit fabric. The fabric was slit to create space for rotation (left) and after extension the auxetic behavior is quite 

clear and dramatic (right). 

Larger structures using smaller squares were also explored. Fig. 11 shows a 7x7 print, again slit 

between the squares, demonstrating significant auxetic behavior and also the ability to form into 

synclastic surfaces. The Poisson’s ratio calculated from the example below is -0.9. 

 

Fig. 11. 7x7 printed auxetic square structure on elastic jersey knit showing auxetic behavior with a Poisson’s ratio 
of -0.9 (right) and also ability to form synclastic surfaces (bottom). 
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An alternative triangular auxetic form was also printed. The fabric was slit at the sides of the triangles to 

allow maximum extension in the transverse direction. The auxetic textile shown in Fig. 12 demonstrated 

a Poisson’s ratio of -1.05 under simple extension. 

  

Fig. 12. Triangular auxetic structure printed onto elastic jersey knit showing an auxetic behavior with a Poisson’s 
ratio of -1.05. 

3.2 Triggered response 

The use of PLA as the hinge material provides an additional interesting feature potential. Because the 

PLA has a relatively low glass transition temperature TG, approximately 60-65° C, it is possible to heat 

the PLA above TG but still stay below the TG of the ABS (which is approximately 105° C). When above 

TG, the PLA has extremely low modulus and can be deformed to a very high level. The structure can be 

heated above the PLA TG, deformed, and then cooled. In this way the structure will maintain the 

deformed shape to a large extent. 

In this way, one can manufacture a wrap which can form synclastic shapes when heated above 60 °C 

and retain that shape when cooled. This could be useful for any number of wraps, including casts for 

limbs, molds, prosthesis and more. Particularly when a synclastic shape is desired, these auxetic textile 

hybrids can provide such geometries without wrinkling or folding. 

The wrap formed in this way will also return back to its original shape on heating, allowing reusability. 

When the structure is heated above the PLA TG, the PLA acts as a rubbery material, enabling the 

squares to freely rotate. When the structure heated without applying any external force, the stored 

energy in the fabric will return it back to the original printed shape. Fig. 13 shows a time sequence of an 

auxetic textile hybrid. The original structure is that shown in Fig. 11 – a 7x7 printed square system. The 

hybrid was heated above 60 °C and extended then cooled. The image shown in the top left of Fig. 13 is 

the structure at room temperature. The PLA “froze” into place in the extended form. Warm water (60° C) 
was poured over the hybrid system and the next 7 images show the system over a period of less than 

one minute. The PLA gets above its TG and then the stored energy in the knitted substrate returns the 

structure to its original shape. A reusable, synclastic structure is thus produced. 
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Fig. 13. A time sequence of an auxetic textile hybrid that was frozen into an extended shape (top left) and then 
introduced to 60 °C water. As the images progress from left to right on top, and then on the bottom from left to right, 

the structure changing shape back to the as-printed form can be seen. 

4 Conclusion 

Initially two different auxetic forms, rotating squares and rotating triangles, were printed on the pre-

strained fabric to study the auxetic properties. Slits were made on the fabric in such a way that the fabric 

would act as a hinge for the rotating shapes. Rotating squares were chosen based on the ease to design 

and make slits. 

PLA hinges were added to the structure because for a structure to function as a support wrap, it was 

necessary that wrap retained the necessary shape. The low glass transition temperature of PLA enabled 

the structure to change shape or form synclastic shapes when heated to temperature of 65° C because 

at temperatures above 60° C the modulus of rigidity of the PLA falls, enabling the squares to rotate freely 

when stretched. 
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Appendix A. Printing Parameters 

The printing parameters used for this project are contained in the table below. There were slight 

differences in the settings used for the ABS and PLA materials. 

   printMaterial PLA ABS units 

   extruderName Extruder 1 Extruder 2  

   extruderToolheadNumber 0 1  

   extruderDiameter 0.4 0.4 mm 

   extruderWidth 0.4 0.4 mm 

   extrusionMultiplier 0.9 1  

   extruderUseRetract 1 1  

   extruderRetractionDistance 1 1  

   extruderExtraRestartDistance 0 0  

   extruderRetractionZLift 0 0  

   extruderRetractionSpeed 1800 1800  

   extruderUseCoasting 0 0  

   extruderCoastingDistance 0.2 0.2 mm 

   layerHeight 0.2 0.2 mm 

   topSolidLayers 3 3  

   bottomSolidLayers 3 3  

   perimeterOutlines 2 2  

   firstLayerHeightPercentage 90 100  

   firstLayerWidthPercentage 100 100  

   firstLayerUnderspeed 0.5 0.5  

   internalInfillPattern Rectilinear Rectilinear  

   externalInfillPattern Rectilinear Rectilinear  

   infillPercentage 20 20  

   outlineOverlapPercentage 15 15  

   infillExtrusionWidthPercentage 100 100  

   minInfillLength 5 5  

   infillLayerInterval 1 1  

   infillAngles 45 45  

 SetpointTemperatures 190 225 °C 

   fanLayers 2 1  

   fanSpeeds 100 0  

   defaultSpeed 3600 5400  

   outlineUnderspeed 0.5 0.5  

   solidInfillUnderspeed 0.8 0.8  

   supportUnderspeed 0.8 0.8  

   rapidXYspeed 4800 4800  

   rapidZspeed 1000 1000  

 


