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Preface 
 
 
In this specialised publication, the reader will find research results and real engineering 

developments in the field of modern technical textiles. 
Modern technical textile materials, ranging from ordinary reinforcing fabrics in the 

construction and production of modern composite materials to specialised textile materials in the 
composition of electronics, sensors and other intelligent devices, play an important role in many areas 
of human technical activity. The use of specialized textiles, for example, in medicine makes it 
possible to achieve important results in diagnostics, prosthetics, surgical practice and the practice of 
using specialized fabrics at the health recovery stage. 

The use of reinforcing fabrics in construction can significantly improve the mechanical 
properties of concrete and various plaster mixtures, which increases the reliability and durability of 
various structures and buildings in general. 

In mechanical engineering, the use of composite materials reinforced with special textiles can 
simultaneously reduce weight and improve the mechanical properties of machine parts. Fabric-
reinforced composites occupy a significant place in the automotive industry, aerospace engineering, 
and shipbuilding. Here, the mechanical reliability and thermal resistance of the body material of the 
product, along with its low weight, are very relevant. 

The presented edition will be useful and interesting for engineers and researchers whose 
activities are related to the design, production and application of various technical textile materials. 
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Abstract. Most e-textiles are developed for wearable use and thus need to be washable to guarantee 
a textile typical usability. Yet, there are no e-textile specific wash testing standards and as a result, 
employed testing protocols vary greatly, resulting in a lack of comparability. To address this issue, 
an e-textile wash testing protocol modelled after testing methods provided by the standard ISO 6330 
(the standard currently most often used as a basis for e-textile wash testing) as well as gentle 
household washing methods was developed and verified regarding its cleaning capability.  

Introduction 
A growing number of products incorporate electronic functionality into textiles. Many of these hybrid 
e-textiles are conceived as garments, intended to be worn on or near the body, and thus need to be 
washable to guarantee a textile typical usability [1]. To ensure such washability, e-textiles need to 
undergo wash testing during their development phase. To date, there is no e-textile wash testing 
standard. In the absence of such standards, testing is either done according to other standards, 
predominantly ISO 6330 Textiles – Domestic washing and drying procedures for textile testing [2], 
but also other textile standards (e.g. for colorfastness testing), under household washing conditions 
or with alternative methods (placing the samples in water with or without agitation) [3]. This variation 
in testing procedures limits comparability between tested e-textiles. The employed procedures are 
often not a good equivalent of actual washing procedures, and thus not necessarily suited for the 
assessment of washability under household washing conditions. The washing procedures in the most 
widely used standard ISO 6330 differ from common household washing programs in length and 
structure [2, 4]. The applicability of the programs provided by the standard for e-textile wash testing 
has not yet been researched. 

E-Textile Wash Testing Program 
To test e-textiles for their washability in the absence of specific standards, a wash testing program 
that more closely resembles actual gentle household washing procedures was compiled. The testing 
program is based on a delicates household program – in line with a general consensus among experts 
that e-textiles should be washed gently [5]. This call for gentle washing conditions is further 
emphasized by results from previous wash testing – revealing mechanical action during washing to 
be the overall most damaging of the four Sinner’s washing factors (duration, chemistry/biology, 
temperature, mechanical action) [1]. Other studies reach a similar conclusion [6, 7]. Thus, a suitable 
testing program is as gentle as possible while still offering a satisfactory cleaning capability. 
A low washing temperature of 30°C is chosen for the test program, because some e-textiles are prone 
to damages after cyclical exposure to higher washing temperatures of 40°C and above. This is caused 
by a mismatch of the coefficient of thermal expansion between the involved materials (polymers, 
metallization layers, textile elements) [1]. Lower washing temperatures of 30°C and below are also 
generally advised for delicate laundry items [3] – among which e-textiles can be counted. The 
structure of the proposed testing program (modeled after a silk/delicates household washing program) 
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is the following: main wash cycle, followed by an intermediate spinning cycle (500 rpm), two rinsing 
cycles and a final spinning cycle (800 rpm). The total duration of the program is 40 min, with a 
washing temperature of 30°C and a water volume of 12l and on-time of the motor of 40% (both during 
main wash and rinsing). 

As different types of e-textiles exhibit different vulnerabilities and requirements, one single 
washing program will not be enough for comprehensive e-textile wash testing. Especially for e-
textiles with a medical or PPE application, industrial washing might be advised due to procedural and 
hygienic concerns. This research focuses on household wash testing for e-textiles. A single washing 
program is chosen that should be suitable for both e-textiles vulnerable to increased mechanical strain 
and those vulnerable to increased temperatures. For future standards, a range of different washing 
programs for different areas of applications for e-textiles will be advisable, though. 

Cleaning Capability of Test Program 
As the main aim of washing is the cleanliness of the laundry, a suitable testing program needs to 
exhibit sufficient cleaning capabilities for expectable soiling occurring during the use phase of e-
textiles. The testing of cleaning capabilities of a washing program is done following IEC 60456:2010 
Clothes washing machines for household use – Methods for measuring the performance [8]. 
According to this standard – used to assess washing machines – a given washing program has to be 
run with added stain stripes featuring five different stain types: red wine, cocoa, blood, soot & mineral 
oil as well as sebum. After one wash cycle, the cleaning capability of the reviewed washing machine 
is evaluated by comparing the remission value of each of the five stain swatches of the stain stripe 
with the results of a reference machine. The brighter the swatch, the cleaner. To adjust the standard’s 
methods for the purpose of evaluating the cleaning capabilities of the compiled e-textiles testing 
program, a reference program from the range of household washing programs, Easy Care, was chosen 
instead of a reference washing machine. The choice of this reference program reflects the consensus 
of experts that e-textiles should be washed gently [1], with Easy Care being at the least gentle end of 
gentle household washing programs [4]. For greater comparison, SportivePlus, another household 
washing program potentially used by consumers to launder e-textiles – with many e-textiles being 
developed for sports applications – was tested against the compiled test washing program. To evaluate 
detergent suitability not only from the viewpoint of washing damage but also from a cleanliness angle, 
both detergents used in the following section (ECE (A) powder detergent without bleach and Perwoll 
liquid detergent) are tested with the test washing program. 

 
Table 1: Washing programs for the assessment of cleaning capabilities 

program device duration mechanical action chemistry 

test program 
Electrolux 
Wascator 40 min 

800 rpm spin cycle 
40% on-time 

60 ml Perwoll 
liquid detergent 

test program Electrolux 
Wascator 40 min 800 rpm spin cycle 

40% on-time 60 g ECE 

SportivePlus Siemens 
IQ 700 47 min 800 rpm spin cycle 

60% on-time [4] 60 g ECE 

reference program    

Easy Care 
Siemens 
IQ 700 59 min 

1200 rpm spin cycle 
90% on-time [4] 60 g ECE 

 
Table 1 gives an overview of the three different washing programs and the amount and type of 
detergent used. Although the IEC standard only covers Cotton, Easy Care and Wool washing 
programs, the applicability of the provided testing method for programs other than those mentioned 
in the standard – among them programs with the aim of gentle laundry treatment – has been previously 
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verified [4]. IEC 60456 was used as a basis, but changes were made to the provided test method due 
to available resources and infrastructure.  

 
The following parameters were the same for all conducted tests: 

• washing temperature: 30°C 
• load: 2kg, consisting of 9 100% CO pillow cases  

(CO-base load items according to IEC 60456)  
• supplier of stain strips: WFK Testgewebe GmbH  
• number of stain strips per test cycle: 3 
• number of wash cycles per program: 1  
• water: tap water with hardness of 2,4 - 2,9 mmol/l [9] 

 
After wash testing, the stain strips were air-dried and ironed according to standard protocols. Color 
evaluation was done using a CM 3700 (Konica-Minolta). The remission values for each of the stain 
swatches from the complied test washing program for both detergents as well as the SportivePlus 
program were compared to those of the Easy Care program used as a reference. If the color results 
sufficiently match those of the reference program, the cleaning capability for the respective stain type 
is comparable to the reference program. The tolerance formula employed by the software of the CM 
3700 is CMC 2:1 (Lab*/Distance/CMC 2:1/dE:1,00). If the color distance between a stain swatch and 
the corresponding reference swatch is within the tolerance, the result is registered as pass, otherwise 
as fail. Table 3 gives the results of the color comparison. The test program with the commercial liquid 
wool detergent exhibits reduced cleaning capabilities for all stain types compared to the reference 
program with the ECE standard detergent. Even the unstained swatch shows worse results, indicating 
that some of the soil from the stained swatches lead to discoloration of the clean swatch. 

All except the red wine swatch for both the test program with ECE detergent and SportivePlus 
with ECE detergent show comparable values to Easy Care. The blood stain shows especially good 
results for both programs. Cocoa is cleaned slightly better by the SportivePlus program. These results 
indicate an almost identical cleaning capability for both the test program and SportivePlus compared 
to Easy Care – when using the same detergent. If possible use cases and the corresponding projected 
typical staining for e-textiles are taken into account (mainly medical, sports or PPE), the slightly 
lower cleaning capability for the red wine stain does not render the test program unsuitable. For sports, 
PPE and medical use cases, the stain swatches sebum, soot & mineral oil as well as blood are much 
more representative. 

 
Table 2: Results of the cleaning capability test 

  stain type 

program detergent unstained sebum soot & 
mineral oil blood cocoa red wine 

test program Perwoll fail fail fail fail fail fail 

test program ECE pass pass pass pass pass fail 
SportivePlus ECE pass pass pass pass pass fail 

 
The results of the stain stripe analysis indicate a sufficient cleaning capability of the compiled 

test program for e-textile specific use cases. The test program can thus be deemed suitable for 
washability testing for e-textiles. The liquid Perwoll detergent is inferior in its cleaning ability to the 
standard ECE powder detergent. 

Evaluation of Suitable Detergent for E-Textile Wash Testing 
Not only the washing program has to be suitable for e-textile testing, a fitting detergent has to be 
selected as well. The influence of different detergents on the washing reliability of e-textiles has not 
been researched to great extent. Gaubert et al. wash knitted conductive fabrics in four different ways: 
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without detergent, with a household powder detergent (containing bleach), with a liquid household 
detergent (containing no bleach) and using only sodium percarbonate (a bleaching agent). With the 
sheet resistance as an indicator, the results are worst for the textiles washed with sodium percarbonate 
and the powder detergent, and best for the samples washed without any detergent. Those results 
indicate the damaging influence of bleaching components in the detergents for metallized textiles 
[10]. No conclusions can be drawn about the difference in suitability between powder and liquid 
detergents with similar ingredients. Other sources look into the difference of washing e-textiles with 
and without detergent, but don’t compare different types of detergent [11, 12]. 
 

 
Figure 1: Types of conductive tracks used in detergent evaluation. Top: direct embroidery (DIR), 
middle: direct embroidery with non-conductive overlay (OVR), bottom: TFP embroidered sample 
(TFP). 
 

As mentioned, for many e-textile washing tests, the standard ISO 6330 is used as a basis. The 
standard includes three types of powder detergent of different composition for front loading, 
horizontal axis washing machines (the predominant type in Europe). Of those, reference detergent 3 
(ECE (A)) resembles household (bleach free) color detergents if the separately packed bleaching 
agent and activator are not mixed in [2]. ECE (A) without bleach is the most commonly used detergent 
among researchers conducting e-textile washing tests according to ISO 6330 [3]. To validate this 
detergent’s suitability for e-textile testing, we compared washing results with the results of a common 
liquid, bleach-free household detergent for delicate laundry (Perwoll liquid wool detergent). 
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Table 3: Properties of conductive yarns 
yarn used in 

samples 
construction R [Ω/m] yarn count/ 

diameter 
picture 

Madeira HC 40 DIR, OVR silver coated nylon 
multifilament 

< 300 290 dtex 

 
Elektrisola 

(custom made) 
TFP silver coated copper litz 

wires, aramid 
multifilament core, 

thermoplastic insulation 

< 1 0,45 mm 

 
 
The detergents were tested with three different types of embroidered conductive tracks on plain 

woven cotton/linen substrate: direct embroidered tracks (DIR), direct embroidered tracks with 
protective, non-conductive embroidery overlay (OVR) and insulated litz wire embroidered using 
tailored fiber placement (TFP) (see Fig. 1). All embroidery was performed on a ZSK industrial 
embroidery machine. Both DIR and OVR samples were embroidered with Madeira HC40 conductive 
embroidery thread. For increased reliability and conductivity [13], the embroidery for each track did 
not consist of a single line but three narrow zig-zag lines on top of each other. In the OVR samples, 
the tracks were covered with a second embroidered layer, non-conductive thread in a broad, tight zig-
zag pattern. Results from Ankhili et al. suggest that this type of embroidered overlay leads to better 
protection from washing damage than a laminated polyurethane foil coating [14]. The TFP samples 
were made with litz wire from Elektrisola, consisting of 25 silver-coated copper micro-wires wrapped 
around an aramid fiber core and coated with an insulating thermoplastic extrusion. All samples were 
contacted using snap buttons. For the TFP samples, the end of the litz wires were stripped of their 
insulation prior to contacting. Table 3 gives the properties of both conductive yarns used. Initial fabric 
size for each sample was 40 x 20 cm2, embroidery was done only on one half of the fabric. After 
embroidering, the fabric was folded into a size of 20 x 20 cm2 and serged around the edges. 

 
Table 4: Mean values for relative change in resistance after washing for liquid detergent (L) and 
powder detergent (P) 

 Rrel     

cycle DIR-L DIR-P OVR-L OVR-P* TFP-L TFP-P 

1 1,14 1,30 1,12 (1,13) 1,79 1,25 1,00 
5 2,42 2,50 1,51 (1,44) 2,33 1,33 1,08 
10 5,37 4,35 1,91 (1,81) 3,00 1,25 1,03 

* with and (without) third sample 
 
For each type of conductive track, a total of 6 samples where produced, three for each type of 

detergent. Apart from the self-compiled washing program, the wash testing was done using ISO 6330 
as a basis. To achieve a total load of 2 kg, PES and CO base load items were added to the samples. 
According to the standard, 20g of detergent should be used for each cycle. As the standard also calls 
for water of an unavailable low hardness of 0,7 mmol/l, the amount of detergent was adjusted to 30g 
to factor in the higher local water hardness [4,9]. For each the ECE powder detergent (P) and the 
liquid Perwoll (L), 10 wash cycles were run. After each cycle, the samples were air dried overnight. 
To assess the damage after washing, the resistance of each conductive track was measured before the 
first washing cycle (R0) and again after each of the ten washing cyles (Rn). The relative change in 
resistance Rrel,n was used as an indicator of washing damage, with 
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𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛 = 𝑅𝑅𝑛𝑛
𝑅𝑅0� .           (1) 

 

Table 4 gives the mean values for Rrel for all six tracks of each embroidery type and detergent 
combination after 1, 5 and 10 cycles. Compared to the direct embroidery samples (DIR and OVR), 
the resistance increase of the TFP samples is much lower. Due to the protective thermoplastic 
insulation of the Elektrisola thread used in the TFP samples, abrasion and other mechanical wear 
during washing is reduced, leading to fewer damages. In line with the results from Ankhili et al. [14], 
the non-conductive overlay in the OVR samples also has a protective quality, leading to a slower 
resistance increase in the OVR samples compared to the unprotected DIR samples. For all three 
sample types, the values for the standard powder detergent show slightly better results than the liquid 
detergent. One of the OVR-P samples exhibited significantly worse results than the other samples, 
possibly a result from damages during sample production. If the results of this sample are included, 
the OVR-P results are slightly worse than the OVR-L results. Omitting the sample leads to similar 
results for both detergents, slightly better for ECE. A failure analysis using SEM imagery shows that 
both detergents lead to a comparable amount of loss of silver coating in the DIR samples (see  
figure 2). 

 

Figure 2: SEM-image of loss of silver coating after 10 wash cycles in DIR test sample. Left: liquid 
Perwoll detergent, right: ISO 6330 standard powder detergent. 
 
Overall, this indicates a good suitability of the ECE (A) detergent from ISO 6330 for e-textiles wash 
testing: the use of this detergent does not lead to an increased washing damage compared to a 
household detergent for gentle laundry care. Considering also the significantly worse results for 
Perwoll in terms of cleaning capability, the ECE detergent is the preferable testing detergent of the 
two. Another reason to choose the standard detergent over the commercial one is the unchanging ratio 
and type of ingredients, as the exact detergent composition is specified in the standard. This 
guarantees a better replicability of washing results than for commercial detergents whose ingredients 
can be changed at will by the manufacturer. 

Testing Protocoll for E-Textiles 
Based on the results of the washing capability testing and the research into the detergent influence, 
the following wash testing protocol is proposed for e-textile washing reliability testing: 

 

• washing program: main wash, intermediate spinning (500 rpm), two rinsing cycles, spinning 
(800 rpm). Duration: 40 min; temperature: 30 C; on-time: 40%; water volume: 12l. 

• load*1: additional PES base load items for a total of 2 kg, test samples should not account for 
more than half of the total load. 

 
1 * indicates testing procedures in accordance with the standard ISO 6330 
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• drying*: air drying. 
• detergent*: 20 g of ECE-2 standard powder detergent (if necessary due to higher water 

hardness, adjust amount accordingly)  
• number of cycles: according to application scenario of tested e-textiles. 

 
To assess the washability of the tested e-textiles, a suitable parameter (e.g. change in resistance, 
change in function ...) has to be determined before testing. The most suitable parameter or parameters 
will depend on the application and composition of the tested e-textile. Depending on the total number 
of cycles, the test for a change in the chosen parameter can be done after each washing cycle or only 
after specified cycles. 

Summary 
The presented research provides a wash testing method for e-textiles that considers both the 
susceptibility of many e-textile systems to high mechanical wear and washing temperatures as well 
as the requirement for a suitable test method to show a sufficient cleaning capability. The study shows 
that (with similar ingredients), ISO 6330 powder detergent will not lead to more damages than liquid 
household detergent, making it the preferable testing detergent of the two, due to its superior cleaning 
capability and standardized composition. Creating a suitable e-textile wash testing protocol can 
alleviate the current very high variation in testing practices and can enable comparable washability 
assessments for different e-textiles. 
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Abstract. The Cluster of Excellence “Centre for Tactile Internet with Human-in-the-Loop (CeTI)” 
[1] deals with developments and inventions concerning smart devices used in many fields, e.g. 
industry 4.0, medicine and skill learning. These kind of applications require smart devices, sensors, 
actors and conductive structures. Textile structures address these applications by meeting 
requirements such of being flexible, adaptable and wearable. 
Within this paper, the development of a protective coating for electrically conductive (EC) yarns is 
captured. These EC yarns are nowadays often used for smart textile applications. One challenge in 
their application is the integration into textile structures. Often, the handling and usage of EC yarns 
leads on the one hand to damages on the surface of the yarn and on the other hand to reduced 
electromechanically characteristics. This paper aims to characterize these EC yarns in regard to 
develop a suitable protective coating based on polypropylene (PP). To achieve this development, an 
extensive characterization of the EC yarns as well as the protective coating itself is important. The 
surface free energy (SFE), the topographical and the chemical characteristics are necessary for 
developing a suitable protective coating. However, the yarns are characterized before and after 
implementation into the textile structure and furthermore after the coating respectively with the 
developed finish. 

Introduction 
Smart textiles gain more and more interest and applications in our society. By implementing 

electronic components into textile garments and technical textiles, these products are created. One 
application of sensor yarns is the implementation in smart textiles i.e. in sportswear, health care and 
work safety [2]. Here, they can be used as elastic or stretchable sensors [3]. To make these electrical 
components combinable with our everyday live and with the handling in production is a big challenge 
[2]. The electronic components implemented in textiles have different functions and forms. Moreover, 
they can be classified into sensing and actuating units. Electrically conductive (EC) materials in yarn 
shape dominate the first group. Here, different materials like stainless steel, core-sheath yarns and 
wrapped metal yarns are first thought products [2 ,4, 5] .These yarn shaped sensors can be 
implemented via knitting, weaving or embroidery [2, 6]. Another method to create EC components 
in or on textiles is a functionalized surface. Methods are e.g. chemical metallization or etching. 
Further methods are printing [6], coating and lamination of electrical conductive materials [2, 4, 5]. 
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EC materials are metals, polymers (intrinsic or extrinsic) [5], filaments and fibers e. g. carbon fibre 
and stainless steel yarn [2]. Additionally, the attention of this paper lies on polymeric metal-plated 
yarns. Despite the following section deals with state of the research of EC materials shaped like yarn 
or even beeing yarn. Beside silver-plated EC yarns, there are also other yarn-shaped EC structures. 
Uzun et al. developed a cellulose yarn coated with MXene. MXene are two-dimensional transition 
metal carbides and nitrides, they are highly electronically conductive [7]. Furthermore, Islam et al. 
developed flexible melt spun thermoplastic EC yarns based on polypropylene (PP) and polylactid 
acid (PLA), coated with polydopamine (PDA) and poly(3,4-ethylenedioxy thiophene): 
poly(styrenesulfonate) (PEDOT:PSS) [4].  

Metallized yarn offer currently the smallest and most flexible EC structures on textile basis. 
Because of their textile basis they can be more easily integrated by typical textile technologies i.e. 
knitting, weaving or embroidery. Nevertheless, the protection of the EC yarn or textile structure is 
challenging. Through the sizing/avivage of the producer and the surrounding textile, the EC yarn has 
a minimum of protection. However, the used textile technologies and the daily usage of the smart 
textiles gives high mechanical impact on the EC yarn. The impact causes abrasion and the resistance 
of the EC yarn increases and electrical conductivity decreases. 

To analyse the origin of these damages various research projects have been done. Ismar et al. 
analysed the effect of water and chemical stresses on silver-plated polyamide (PA) yarns. They state 
that washing of e-textiles is one of the major hurdles that have to be faced nowadays. Additionally, it 
is proven by FTIR-ATR, UV-Vis spectroscopy and electrical resistance measurement that water 
damages the yarn more than the washing detergent does. The damage is originated in the removal of 
the silver layer in water and washing detergent solution [8]. Conductive structures, which are 
available on the market such as silver-coated yarns, do not have enough abrasion resistance for the 
implementation via knitting in an industrial scale. Furthermore, they are damaged via the usage in 
smart textiles by wearing, washing and drying [2]. To protect these yarns against the mechanical 
impact arose by these scenarios a protective coating should be developed. Next to this, research has 
been done concerning the protection of metal-plated EC yarns. Baribina et al. examined a water-
repellent coating for PA yarn plated with silver. The analyses are fulfilled with textured and non-
textured yarn and the coating should improve the conductive behaviour after several washing cycles 
to further improve the lifetime of the product. To achieve this, a silicone and nano-coating are used 
and applicated with a brush directly and discontinuous on the fiber [9]. Within another project a 
protective coating out of PP for PA yarns plated with silver is developed. Alagirusamy et al. used PP 
staple fibers to wrap around silver-coated yarns. Afterwards the yarns is put in the oven and the PP is 
melted to an homogenous sheath [10]. Further, Raja et al. used poly vinyl pyrrolidone (PVP) for 
stabilization of silver nanoparticles in watery solutions as well as for the application on textiles. 
Within this work the used substrates are wool and cotton based and the application is microbial 
resistance [11]. On the market exists one yarn produced by Statex, which is covered in thermoplastic 
polyurethane (TPU). However, this protection is made in shape of a loose shell with no mounting on 
the EC yarn. To increase the protection against mechanical impact via implementation, wearing, 
washing and drying this paper claims that a direct coating has to be brought onto the fiber. So within 
this paper a development or rather application of suitable coating should be made, that has good 
adhesion to TPU or better is directly applicated onto the silver-coated PA and would lead to higher 
abrasion resistance and with that better processability. 

A protective coating has to meet some requirements besides the later on application of the 
conductive yarn concerning the implementation and usage. The coating should not obstruct the EC 
characteristics. Moreover, the coating should be temperature stable and glideable or should show less 
frictional resistance to guarantee good processability in textile processes. Furthermore, the coating 
should have sufficient elasticity but at the same time sufficient adhesion to the silver layer on the PA 
yarn. Finally, the coating should be isolating or electrical conductive depending on the use case. 

For usage with the silver-coated polymeric yarns, the coating should be non-abrasive, strong but 
also flexible. For the appliance, the process temperatures for the coating should not be higher than 
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the glass temperature of the polymeric material of the yarn. Therefore, the coating materials have to 
be melted underneath this temperature or should be applicable as a solution.  

In preliminary studies, various polymeric materials are tested as coating for EC yarns. During these 
tests, waxes became of major interest in particular as watery emulsions. At first, PP is chosen as basis 
for the coating due to their excellent characteristics concerning temperature resistance, strength and 
availability. However, PP does not fulfil all set requirements for the coating. The most 
disadvantageous characteristic of PP is its inelasticity. To weaken this characteristic in the final 
coating and to ensure the usability especially in smart textiles a further polymer (polyethylene (PE)) 
and an additive (glycerine) are added. 

To determine the impact of the coating the optical analysis (light and scanning electron 
microscopy) and resistance measurement are used to analyse the reference yarns in comparison to the 
coated yarns. Furthermore, the reference yarns are characterized concerning their surface energy with 
tensiometric analysis and their chemical composition is analysed with Fourier-transformed infrared 
spectroscopy. In addition, the coating is analysed with these two methods but also with 
thermogravimetric analysis. 

Methods and Materials 
Silver-plated yarns. In Table 1 the yarn materials are shortly presented due to their characteristics 

given by producer. All yarns are PA 6.6 based and plated with silver. 
Table 1. Electrically conductive yarns used as basis material 

Producer Name Abbreviation Composition Titer [dtex] 
Resistance 

[Ω·m-1] 
Madeira HC40 HC40 PA 6.6 117x2 < 300 
Statex Shieldex 117/17 dtex 2PLY HC+B S HC+B PA 6.6  117/17 x2 < 300 
Statex Shieldex 117/17 dtex 2PLY S PA 6.6 117/17 x2 < 1500 

Coating materials. The following table shows the used components for the coating. 
Table 2. Components used for the coating 

Producer Name Material composition 

Deurex AG P 3601 W Water-based emulsion of PP wax 
EO 4001 W Water-based emulsion of oxidized wax 

Carl Roth GmbH + Co KG Solvagreen Glycerine, ≥98% water free 
Coating process. The coating has a basis of PP wax solved in a watery emulsion combined with 

a watery emulsion of PE and as slip additive glycerine. The two wax emulsions are each added with 
an amount of 49 vol.-% while the glycerol is added with 2 vol.-%. The coating is stirred with a 
magnetic stirrer for 30 minutes at room temperature with a stirring rate of 180 rpm. 

With the Lab Foulard HVF from Mathis AG (Oberhasli, Swiss) the yarns are coated with a barrel 
speed of 2 m·min-1 and a barrel pressure of 1 bar. For leading the yarns through the coater, a yarn 
tube is placed above the barrels. After the yarns went through the barrels, they are winded on 
cardboard tubes for drying under constant conditions in a drying cabinet at 30 °C for about 
30 minutes. 

Contact angle measurement. With the contact angle measurement, the surface free energy (SFE) 
of the reference yarns is calculated and assessed. Later, also the coatings SFE is determined and 
theoretical compatibility of both, yarn and coating is compared. 

The EC yarns are measured using Washburn method also known as capillary method. Here, the 
yarn is cut into small pieces with a length of about 5 mm. Afterwards these short fibers are filled into 
a glass and metal sample holder with a filter paper at the bottom. The sample holder then is put into 
n-hexane (>99%, Carl Roth GmbH + Co KG (Karlsruhe, Germany), surface tension at 23 °C, 
18.40 mN·m-1) to determine the capillary constant. Afterwards, the measurement is performed with 
a minimum two different test liquids. These test fluids are deionized water (surface tension at 23 °C, 
72.8 mN·m-1) and diiodomethane (>99%, Sigma-Aldrich Chemie Gmbh (Darmstadt, Germany), 
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surface tension at 23 °C, 50.8 mN·m-1). The performed measurement is static and takes 120 s. Per 
sample five measurements are performed. As mentioned before the coating is also characterized via 
tensiometric analysis. The measurement is static and sessile drop method is used. For this, the coating 
is prepared as a film on a glass objective. The film is dried for 24 hours at room temperature. 

The measurement is performed following DIN 55660-2 with a minimum of two test fluids 
(deionized water and diiodomethane). The method of Owens, Wendt, Rabel and Kaeble (OWRK) is 
used to determine the polar and disperse part of SFE of the specimen [12,13]. Eq. 1 describes the 
relation of the contact angle and polar and disperse surface tensions: 

 

(1) 

The contact angles (θ) are used to calculate the SFE. Furthermore, the polar (σP) and disperse (σD) 
parts of the SFE are determined with this formula. The indices l and s are describing the liquid and 
solid states, from i.e. the test liquid and the filament surface. Krüss Force Tensiometer K100 
(Hamburg, Germany) is used to determine the contact angles between the test liquids and the yarns 
and Drop Shape Analyzer (DSA) 100 from Krüss is used for the SFE measurement of the coating. 
The Software Advance from Krüss GmbH (Hamburg, Germany) is used to perform the measurement 
and to calculate the SFE from the contact angles. 

Resistance measurement. The determination of the electrical resistance is used to quantify and 
assess the conductive behavior of the yarns before and after being coated and as well after being 
mechanically demanded. The measurement is performed with a self-constructed four-terminal 
sensing measuring station with a specimen length of 500 mm ten times per specimen. To define the 
values of the measurements a voltmeter (2) and a constant current source (1) are used. The specimen 
(3) is contacted via four Kelvin clamps (4). Fig. 1 below shows the circuit diagram of the measuring 
station. 

  
Fig. 1. Four-terminal sensing measuring station 

Optical analysis. The evaluation of the yarns surface is determined with the light microscope 
(LM) Scope A.1 Axio from Carl Zeiss Microscopy Deutschland GmbH (Oberkochen, Germany) with 
incident light. The measurement of the diameters is performed with the software Zen2Core from Zeiss 
and five measurements per sample are made. Further, a scanning electron microscope (SEM) Quanta 
250 FEG SEM from FEI (Hilsboro Oregon, United States of America) with the magnitudes 500 and 
1000 is used. 

Fourier-transformed infrared spectroscopy. Fourier-transformed infrared attentuated total 
reflection (FTIR-ATR) spectroscope Nicolet 6700 from Thermo Fisher Scientific GmbH (Waltham, 
Massachusetts, United States of America) with a diamond is used for the determination of the yarns 
composition. 

Thermogravimetric Analysis. Thermogravimetric analysis (TGA) is performed with TGA Q500 
from TA Instruments (New Castle, Delaware, United States of America). Measurements are done in 
nitrogen atmosphere from 30 °C to 350 °C in high-resolution mode. 

Proof of concept – embroidery. To examine the developed coating a proof of concept was 
performed. Within this investigation the silver-plated and coated yarn was threaded through all 
guiding elements of the embroidery plant F-Kopf from ZSK Stickmaschinen GmbH (Krefeld, 
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Germany). Part of the guiding elements are the preload clamp, main road roller, thread take-up lever, 
fabric pusher and needle. 

Results 
Composition. Fig. 2 shows the FTIR-ATR spectra of the yarns references. At approximately  

3300 cm-1 and 3100 cm-1, the samples of HC40 and Statex show stretching vibration of N-H group. 
The band round 3000 cm-1 hints towards stretching vibrations of C-H groups as well as the band at 
2850 cm-1. At approximately 1700 cm-1, the stretching vibration of C=O bond can be found. The 
bands at 1500 cm-1 and 1600 cm-1 hint towards C=C bonds. These, in turn, are hinting towards the 
amide groups of the PA. The band at approximately 1250 cm-1 is suggesting again a C-N stretching 
vibration hinting towards amide groups. 

(a) 

 
(b) 

 
(c) 

 
Fig. 2. FTIR-ATR spectroscopy of reference yarns (a) S, (b) S HC+B and (c) HC40 

Surface characteristics. Table 3 shows the values determined with the Washburn method via 
tensiometric analysis for the yarns reference. On the first sight, it is obvious that the SFE of all 
reference yarns have similar values of about 21 to 23 mN·m-1. Furthermore, all samples show small 
deviations and even polar and disperse parts of the yarns have similar values. Overall, the polar part 
of the yarns is smaller than the disperse ones.  

Table 3. Surface free energy of yarns reference determined with WASHBURN method 
 

S S HC+B HC 40 
SFE, total [mN·m-1] 21.96 ± 0.22 22.99 ± 0.68 20.98 ± 0.50 

SFE, disperse [mN·m-1] 15.58 ± 0.16 16.82 ± 0.45 13.83 ± 0.50 
SFE, polar [mN·m-1] 6.37 ± 0.07 6.17 ± 0.23 7.15 ± 0.03 

Table 4 shows the measured contact angles from the reference yarns to the test liquids 
(diiodomethane and water). Here, the yarns show similar values concerning the contact angle to water. 
The contact angles to diiodomethane are slightly smaller than the ones to water. Looking at Table 3 
with increasing contact angle to diiodomethane the disperse part of the SFE decreases. 

Table 4. Contact angles of yarns reference determined with WASHBURN method 
 S S HC+B HC 40 

water [°] 89.91 ± 0.03 89.23 ± 0.31 89.92 ± 0.03 
diiodomethane [°] 83.82 ± 0.32 81.32 ± 0.90 87.50 ± 0.77 
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Further, the references are characterized optically with LM and SEM. The following images in 
Fig. 3 are taken with a magnitude of 500. On each of the yarns surfaces particles, small abrasions and 
damages can be seen. S yarn (Fig. 3 (a)) shows the smoothest surface compared to the other yarns. 

   
(a) (b) (c) 

Fig. 3. Scanning electron microscopy images of (a) S, (b) S HC+B and (c) M HC40 

The images are showing no obvious difference concerning the diameter of the filaments comprised 
in the yarns. Table 5 shows the diameters of the yarns.  

Table 5. Filament diameter of reference yarns 

Yarn Diameter of filament [μm] 
HC40 28.53 ± 0.82 
S HC+B 27.64 ± 0.78 
S 28.18 ± 0.73 

The surface of the coated yarns is analysed with the LM. The following images (Fig. 4 (a) to (c)) 
show the coated yarns surface. Because the coating has no opaque colour, the yarns look similar to 
the reference. Furthermore, the coating is very thin, so the silver-plating is still visible. 

Moreover, SEM images with a magnitude of 1000 of the coated yarns are shown in Fig 4 (d) to 
(f). Here, S yarn shows the smoothest surface with fewest deposits. S HC+B shows some small 
deposits on the surface but simultaneous the coating builds a closed surface around the filaments of 
the yarn. In contrast, the coating seems very brittle on the HC40 yarn. It is visible that the yarn is 
coated but there are gaps between the single filaments of the yarn and deposits on the filaments 
surface.  

   
(a)  (c) (e) 

   
(b) (d) (f) 

Fig. 4. LM and SEM images of coated yarns: (a) and (b) S, (c) and (d) S HC+B and (e) and (f) HC40 
Furthermore, the coated and embroidered yarns are also characterized using LM. Fig. 5 shows the 

images of all three yarns. Both Statex yarns show almost smooth surface while HC40 shows a 
damaged surface. 

500 μm 500 μm 500 μm 
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(a) (b) (c) 

Fig. 5. LM images of coated and embroidered yarns: (a) S, (b) S HC+B and (c) HC40 
Electrical characteristics. Table 6 shows the electrical resistance values of the reference, 

embroidered, coated and embroidered and coated yarns. The second column constitutes the results of 
the reference yarns. S yarn from Statex shows the highest resistance with a value of 
293.20 ± 13.07 Ω·m-1. The lowest value is represented by S HC+B with a value of 
143.98 ± 3.83 Ω·m-1. HC40 occurs with a resistance of 163.98 ± 1.96 Ω·m-1. While the two last 
named yarns show very small deviation the deviation of S yarn is higher, but within the confidence 
interval with 4.67%. 

S yarn after being embroidered exhibits a resistance of 833.00 ± 237.04 Ω·m-1, which leads to an 
increase of 284% compared to the reference. S HC+B has a resistance of 215.40 ± 14.62 Ω·m-1 which 
is about 150% of the reference. Finally, HC40 has a value of 210.40 ± 4.80 Ω·m-1 which is about 
128% of the reference value (Table).  

The resistance of the coated yarns is also determined with the four-terminal sensing measurement 
set-up (Table 6). S yarn increased about 2.17% to a value of 299.57 ± 8.52 Ω·m-1 while S HC+B 
decreased about 20.68% to a value of 114.21 ± 20.61 Ω·m-1. HC40 increased about 24.36% to a 
value of 203.79 ± 20.07 Ω·m-1. In contrast to the values of the reference, the coated yarns show a 
higher deviation. Just S yarn shows smaller deviation than the reference. 

Finally, the resistance of the coated and embroidered yarns is measured with the four-terminal 
sensing measurement set-up. HC40 shows the lowest resistance with an increase compared to the 
embroidered reference of about 133%. After S HC+B firstly decreased the resistance now increases 
compared to the embroidered reference of about 160%. S yarn shows also embroidered the highest 
value but compared to the embroidered reference it is 56% lower.  

Summed up S yarn shows within the references the highest resistance value while S H+B and 
HC40 are similar in resistance. Furthermore, the resistance of all reference yarns increases after 
embroidery, headed from S yarn. The coating has little impact on S yarn, decreases the resistance of 
S HC+B while the resistance of HC40 increases. After being embroidered S yarn shows the lowest 
increase of resistance followed by HC40 and S HC+B. 

Table 6. Resistance of reference, coated yarns and embroidered yarns 

Yarn 
Resistance [Ω·m-1] 

Reference Embroidered Coated Coated and 
Embroidered 

S 293.20 ± 13.70 833.00 ± 237.04 299.57 ± 8.52 467.79 ± 79.09 
S HC+B 143.98 ± 3.83 215.40 ± 14.62 114.21 ± 20.61 344.94 ± 50.57 

HC40 163.87 ± 1.96 210.40 ± 4,80 203.79 ± 20.07 280.77 ± 39.09 

Coating – composition. To characterize the chemical composition of the final polyolefin based 
coating it is analysed with FTIR-ATR spectroscopy. Fig. 6 shows the spectrum of a dried sample of 
(a) the coating, (b) the PE wax and (c) the PP wax. The band at 2950 cm-1 gives a hint on asymmetrical 
stretching of CH3 and occurs in Fig. 6 (a) and (c) as the methyl group of PP. Furthermore, the band 
at approximately 2920 cm-1 depicts asymmetric stretching of CH2 and is part as well in PE and PP. 
Next to this distinctive peak at 2850 cm-1 hints towards symmetric stretching of CH2 and furthermore 
towards the methylene group of PE. The band at 1460 cm-1 depicts bending deformation caused from 
the PE and the band at 1380 cm-1 depicts symmetrical deformation bending of CH3 caused by PP 

500 μm 500 μm 500 μm 

Solid State Phenomena Vol. 333 17



 

parts. A further band within the finger print area at 837 cm-1 points on rocking of C-C bonds evoked 
by PP. 

(a) 

 
(b) 

 
(c) 

 
Fig. 6. FTIR-ATR spectrum of the (a) developed coating. (b) E 4001 W and (c) P 3601 W 

Coating. Fig. 7 shows the result of a TGA made of the developed dried coating. At a temperature 
of 330 °C, there is a residue of 87.08%. The first mass loss emerges with 1.41% ending at 109.99 °C. 
Further mass loss of 1.38% ends at 159.90 °C. The biggest mass loss occurs with 6.82% ending at 
289.97 °C. The last loss of 2.81% ends at 334.39 °C. 

To evaluate the results of the TGA the following data concerning the decomposition temperature 
of the individual components is given. Glycerines decomposition begins at 290 °C, PE decomposition 
begins at 300 °C and PP decomposition begins at 330 °C. Originated in these values the first mass 
loss points on the vaporization of water bonded to the coating. This water is a residue from the wax 
emulsions used as basis for the developed coating.  

 
Fig. 7. TGA of coating 

Fig. 8 shows the results from sessile drop measurement and the results determined with the 
Washburn method for the reference yarns. In contrast to the yarns the coating shows a very high SFE 
with a value of 52.79 ± 4.10 mN·m-1. The polar part occurs with 32.88 ± 3.13 mN·m-1 what is about 
two thirds of the whole value. Rather, the polar part of the yarns is one third of the whole value. 
Furthermore, the contact angle to water is smaller with a value of 45.78 ± 4.13 mN·m-1. The contact 
angle to diiodomethane is similar to the ones of the yarn with 75.40 ± 1.81 mN·m-1. Moreover, the 
deviation of the SFE of the coating are higher with a maximum of 9.02% concerning the contact angle 
of water. 
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Fig. 8. Surface free energy and contact angle of coating and reference yarns 

Discussion 
The results of the performed studies state that the coating process itself does not have a negative effect 
of the characteristics of the yarn. Shieldex Yarn 117/17 dtex 2PLY HC+B (S HC+B) even shows a 
decrease in electrical resistance after being coated. Further, the developed coating shows better optical 
results on Statex yarns than on HC40. Nevertheless, HC40 shows the best electrical resistance after 
being coated and embroidered even if it shows the most damages compared to the other two yarns. 
The cause of these damages could be the non-sufficient adhesion between HC40 and the developed 
coating. An adaption of the composition of the coating is desirable for HC40 also regarding the 
electrical resistance. Shieldex 117/17 dtex 2PLY (S) shows the effect of the protective coating. 
Compared to the embroidered reference it shows half of the resistance. In consideration of the SEM 
images of the coated yarns the Statex yarns are covered fully without gaps while the HC40 is not 
completely covered with the coating and gaps are depicted between the filaments of the yarn. This 
leads to the need of a thicker coating concerning the HC40.  

Summary 
Summed up the coating protects the one out of three EC yarn against mechanical stress implemented 
via textile processing with an embroidery plant. The Shieldex 117/17 dtex 2PLY (S) could be 
protected while the effect of the coating is not detectable concerning Shieldex 11717 dtex 2PLY C+B 
(S HC+B) and HC40. This can be remedied with the adjustment of coatings composition to increase 
the adhesion between the protective coating and EC yarn. Furthermore, the thickness of the coating 
should be increased to create further protecting potential. The thickness can be increased by using 
other coating processes and parameters. Additionally, the coating could be applied on other EC yarn-
shaped structures to analyze the adhesion and protective effect on them. Also the implementation 
with other textile processing methods like knitting could be performed to detect differences or 
similarities in the protective behavior of the coating. Finally further characterization of the coated 
yarns could be performed, e.g. washing stability and temperature stability. 
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Abstract. In order to avoid environmental pollution by effluents, the incorporation of electrical 
conductive yarns in a waterproof membrane allows detecting a leak or crack on industrial concrete 
structure. The membrane is made of composite materials: a glass textile structure equipped with the 
detector yarns and molded in an epoxy resin. The liquid’s detection and the data’s transmission 
depend on the yarn’s conductivity variation and its chemical and physical properties.  
This study aims to develop a water detector monofilament from conductive polymer composites 
(CPC): an immiscible polymers blend (polyamide 6.6/elastomer) filled with carbon nanotubes (CNT). 
The addition of elastomer in the CPC yarn is important to withstand the mechanical deformation of 
the resin structure without breaking. The morphology of the immiscible polymers blend and the 
localization of the CNT influence the electrical conductivity of the yarn and thus, its property of water 
detection. Two principles of water detection are investigated with this blend: the short circuit and the 
absorption. For the short circuit, the presence of liquid is detected when the liquid creates a conductive 
path between two yarns in parallel. While, the absorption principle is based on the conductivity 
variation with the yarn’s swelling in contact with water. 

Introduction 
Concrete is a fragile material which can cause fluids leakages and which are sometimes dangerous 

for the environment (pollutant). For instance, the hydrocarbons contained in the retention tanks or the 
sulfuric acid in the wastewater treatment plants can represent a danger for soil pollution in the case 
of leaks. That is why, in the environmental field, liquids or gas detectors are more and more developed 
to monitor theses industrial structures. Nowadays, conductive cables are used to detect a liquid leak 
on pipeline thanks to the electrical conductivity variation [1]. To monitor an industrial wall and detect 
a leak, more and more researches develop intelligent composite membranes [2,3]. They are made of 
resin or concrete and a reinforced textile which is equipped with smart filaments to detect the stress 
and deformation of the structure or a fluid leakage in case of damage.  

Different concepts are established to detect fluid with smart textiles. For the water detection, the 
most commonly used is the short circuit principle with metallic yarns [4]. This technique uses two 
conductive yarns in parallel without initial contact. To detect and transmit the signal, the liquid has 
to create an electrical conductive connexion between the two conductive yarns. The signal depends 
on a lot of parameters : the distance between the two conductive yarns, their chemical and physical 
properties [5], the textile structure [6] and the liquid properties like its ionic conductivity and its 
surface tension [7,8]. 

In the literature, more and more researches are carried out to detect fluid leak with the Conductive 
Polymer Composites (CPC). The CPC yarns are made of a matrix of polymers blended with sufficient 
quantity of electrical conductive fillers to make the yarn conductive. This material transition: from 
the insulating state to the semiconductor state, is called the electrical percolation threshold. Thanks 
to the affinity of the polymer with the solvent to detect and its property of absorption [9–12], the 
solvent diffuses inside the yarn causing the matrix swelling. This phenomenon leads the variation of 
the interparticle distance inducing the electrical conductivity variation of the yarn. The advantage to 
use the CPC is the possibility to blend polymers to combine their different properties [13] or to 
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improve the compounds preparation. To optimize the fluid detector yarn with an immiscible polymers 
blend, the continuity of the fillers in one phase and the continuity of this phase is important. This 
phenomenon is called the double percolation [14]. This last one can be obtained by different 
parameters: the proportion of the blend’s components [15], the extrusion parameters such as the shear 
conditions [16], the viscosity and the elasticity of the blend [17,18].  

This study focuses on the formulation influence of an immiscible polymers blend on two water 
detection principles: a filled thermoplastic polymer and an elastomer providing yarn’s flexibility. 
Regarding the thermoplastic polymer, the polyamide 6.6 (PA6.6) filled with carbon nanotubes is 
usually used in the literature for piezoresistive sensors monofilaments [19] or thermal detector [20]. 
Determined by Javadi Toghchi et al., the proportion by weight of carbon nanotubes in the PA6.6 at 
the electrical percolation threshold is of 2 wt.% [21]. Regarding the elastomer, it is more studied as 
monofilament for strain sensors [22] or to improve the mechanical or rheological properties of 
immiscible polymers blends [23–25].  

In this study, the two principles of water detection are: the short circuit and the absorption. The 
short circuit is based on the creation of an electrical conductive path thanks to the water between to 
parallel conductive yarns. The absorption principle is based on the variation of the yarn’s electrical 
conductivity in presence of liquid. First, this study concentrates on the development of a polyamide 
6.6 (PA6.6) filled with 3 wt.% of carbon nanotubes (CNT) and a polypropylene based elastomer 
(PBE). The elastomer is used to prevent from the yarn break during the resin cracking and thus to not 
loss the electrical conductivity signal. As the PA6.6 and the PBE are immiscible, the elastomer allows 
also to locate the fillers in one phase (the PA6.6) and thus to decrease the percolation threshold with 
a low amount of fillers in the blend. The influence of the elastomer proportion is investigated on the 
morphology and the mechanical and electrical properties. Then, its electrical conductivity variation 
is investigated in an epoxy resin. 

Experimental 
Materials and process. The CPC is used for the detection of water infiltration in cracked zone in a 
composite membrane. Before testing the water detection in the membrane, the detector yarns are 
developed, characterized and tested without resin matrix for the two principles of detection. These 
detections are tested with demineralized water at room temperature. The water’s measured 
conductivity is 0.1 μS/cm and its surface tension is about 71.8 mN/m. Theses parameters are 
controlled before each tests to ensure their repeatability. 

 
Conductive yarns. The detector yarns are composed of a blend of a thermoplastic polymer with 

fillers and a propylene-based elastomer (PBE). First the thermoplastic polymer: the polyamide 6.6 
(PA6.6) is filled with 3 wt.% of carbon nanotubes (CNT).  

The PA6.6 which is referenced TORZEN U4803 NC01 is provided by Invista (Wichita, KS, USA) 
and has a melting point of 263 °C.  

The multiwalled carbon nanotubes NC 7000 (MWCNT) are supplied by Nanocyl (Sambreville, 
Belgium). These MWCNTs have an average length of approximately 1.5 μm, a diameter of 9.5 nm, 
and a specific area of 250-300 m2/g. 

Then, the elastomer is added to ensure the flexibility of the detector yarn and to support the 
mechanical deformation of the resin. The employed elastomer is the PBE VISTAMAXX 3000 which 
is supplied by ExxonMobil Chemical (Houston, Texas, USA). It is composed of isotactic 
polypropylene repeat units with random ethylene distribution.  

 
Compounds preparation. The compounds preparation was carried out by a first extrusion to fill 

the PA6.6 with the CNT in order to disperse the fillers well. It is processed by a co-rotating 
intermeshing twin-screw extruder from Thermo-Haake PTW 16/25p (barrel length = 25:1 L/D). The 
temperature profile is: 260 °C – 270 °C – 275 °C – 275 °C – 280 °C with a rotating speed of 100 
RPM.  
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Then a second extrusion step is performed to incorporate the elastomer inside the first blend in 
different proportions by weight: from 0 wt.% to 50 wt.% (Table 1). The second extrusion is achieved 
with the Process 11 Parallel Twin-Screw Extruder from Thermofischer (Waltham, Massachusetts, 
USA) with a barrel length of 40:1 L/D. The rotating speed of this extruder is 100 RPM, and the 
temperatures profiles is : 215 °C – 275 °C – 285 °C – 285 °C – 278 °C – 275 °C – 270 °C – 270 °C. 
Before each extrusions, the granulated polymers are dried at 80 °C for 16 h. The monofilaments have 
a diameter of approximately 1.5 mm ± 0.07 mm. 

 
Table 1. Summary of the different extruded monofilaments 

Sample reference Blend Proportion Total fillers content in the blend 
wt.% PA6.63CNT wt.% PBE wt.% CNT 

PA6.63CNT 100 0 3 
PA6.63CNT90/PBE10 90 10 2.7 
PA6.63CNT80/PBE20 80 20 2.4 
PA6.63CNT70/PBE30 70 30 2.1 
PA6.63CNT60/PBE40 60 40 1.8 
PA6.63CNT50/PBE50 50 50 1.5 

 
Implementation in the resin. The resin used in this study is made of an epoxy base and a curing 

agent amine. They are mixed in a glass beaker at a room temperature in proportion by weight base 1 
/ hardener 3. The resin dries out in eight hours at room temperature. To implement the monofilaments 
in the resin, a mold allows to cast the resin with the electrical conductive yarns (Fig. 1). The mold is 
composed of two parts: inferior and superior, to place the yarns in the middle of the resin plate.  

  

 
Figure 1. Mold used to form the composite.  

The plates have a length of 7 mm, a larger of 6 mm and a thickness of 2 mm  (Fig. 2).  The mold 
allows the repeatability of the tests and the production of samples. 

 

Figure 2.  Implementation of the resin on the electrical conductive yarns. 

Methods of characterization. To investigate the influence of the elastomer on the water detection 
properties, two principles of detection are established: the absorption principle and the short circuit. 
They both are based on the electrical conductivity variation of the monofilament in contact with water. 
Ten tests conditioned at 20 °C and a humidity of 35 % for each yarns and principles, are necessary to 
validate the results and the reproduction of these protocols. 

 
Morphology. The Scanning Electron Microscope (SEM) images allows to observe the 

morphology of the different blends. First, the samples are prepared by cryofracture: frozen under 
nitrogen and then broken. They are observed by a Schottky Field Emission Scanning Electron 
Microscope SU5000 at 5 kV and different magnifications. 

 

 

 7 cm 

6 cm 
2 cm 
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Mechanical properties. The elongation at break and the tenacity are measured by an MTS 
Criterion tensile bench from MTS (Minnesota, USA). The parameters fixed for the tests are: an initial 
length of 150 mm, an initial speed of 500 mm/min and a pre-loaded of 5 N. They are performed under 
a controlled and conditioned atmosphere of 65 % of humidity and a temperature of 20°C. Ten 
measurements for each blend are necessary to accept the results with a standard deviation of about 20 %. 

 
Electrical and detection properties. To measure the electrical conductivity of the different blends, 
the monofilaments are connected to a Keithley 2461 SourceMeter (Beaverton, OR, USA). The current 
intensity is measured for a voltage applied which ranges from −0.5 V to 15 V with an increment of 
0.1 V. The data of the current as a function of the voltage sent allows to determine the electrical 
conductivity (Eq. 1) :  

σ = L
RS

 (1) 
 

where σ is the electrical conductivity of the system (S/m), L is the yarn’s length (L = 0,1 m), S is 
the yarn’s area (m2) and R is the resistance measured (Ω). 

 
The principle of detection by absorption (Fig. 3a) is based on the electrical conductivity variation 

of the monofilament in contact with water. The conductivities of the monofilament before and after 
24 h soaked in water are calculated (Eq. 1). To observe the influence of the PBE percentage on the 
detection, the rate of change in the electrical conductivity between the dry and the wetted 
monofilament is calculated and called the water detector sensitivity (Sw) (Eq. 2): 

Sw= σf-σi
σi

×100 (2) 
where Sw is the water detector sensitivity (%), σi is the initial electrical conductivity (S/m) and σf 

the final electrical conductivity (S/m). 
 

 
Figure 3. Principle of absorption (a), short circuit (b) and the electrical conductivity variation after 

the implementation (c). 
 

The short circuit uses a drop of water to create a conductive path between two parallel yarns (Fig. 
3b). The water closes the circuit between the two electrical conductive yarns and triggers the electrical 
signal. To compare the signal of the different PBE proportions, the conductance is calculated (Eq. 3). 
To make the test repeatable, the water is deposited on a square of 3 × 3 cm of absorbent paper which 
links the parallel yarns. It allows to overcome the shape of the drop and the problems of absorption 
that can vary the conductance of the circuit: 

G = 1
𝑅𝑅
 (3) 

 
where G is the conductance of the circuit (S) and R the resistance of the circuit (Ω). 
 
The monofilament implementation in the resin is then observed (Fig. 3c). The electrical 

conductivity before and after the monofilament implementation in the resin are calculated (Eq. 1). It 
allows to observe variation of the conductivity and the influence of the PBE percentage in the 
membrane creation process.  

 
 
 
 
 
 
 

(a) (b) (c) 
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Results and Discussions 
Influence of the morphology on the mechanical properties.  
 

Morphology. The hypothesis of the behavior of the different blends’ properties can be validated 
with the SEM images. The PA6.63CNT90/PBE10 SEM images (Fig. 4a) allows to reveal a nodular 
morphology of the PBE in the PA6.63CNT. While, a phase inversion is observed with the 
PA6.63CNT60/PBE40 SEM images (Fig. 4b). The 60/40 had a fibrillar morphology of the PA6.63CNT 
in the PBE.  

In this study, the carbon nanotubes are first blended with the PA6.6 polymer. Therefore, the 
localization and the well dispersion of the CNT in the PA6.6 is conditioned by the extrusion sequence. 
No CNT’s delocalization is observed after the addition of the PBE by the second extrusion. This 
localization of CNT and the formation of nodules with a small PBE contents are confirmed in other 
studies [26,25].  

 

   
 

Figure 4. SEM images: Morphology of the monofilament PA6.63CNT /PBE in proportion by weight: 
(a) 90/10, (b) 60/40. 

 
Mechanical properties. The influence of the PBE proportions in the blend is investigated on the 

mechanical properties. The elongation at break and the tenacity are measured (Fig. 5). The addition 
of a very low proportion of elastomer does not improve the mechanical properties of the blends. The 
elongation at break increases from 16.5 % without PBE to about 20 % for the blend with 30 wt.% of 
PBE. The tenacity is constant at about 3 cN/Tex for all the blends with a proportion below 30 wt.%. 
However, these properties drop sharply for proportions above 30 wt.% : to 5 % for the elongation at 
break and 1 cN/Tex for the tenacity.  

 

 
Figure 5. Elongation at break and tenacity of the monofilaments in different blend proportions. 
 

PBE 

PBE PA6.63CNT 

(a) (b) 

PA6.63CNT 
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These phenomena can be explained by the phase inversion. With a small proportion of elastomer, 
there is an elongation of the PBE nodules. While, the proportions above 30 wt.% have a larger 
interface between the PBE and the PA6.63CNT fibrils. This poor interface causes the premature rupture 
of the monofilaments. In conclusion, a small proportion of elastomer is sufficient to increase slightly 
the elongation of the blend.  

 
Influence of the morphology on the electrical and detection properties. 
 
Short circuit principle. The short circuit’s signal depends on several parameters. The 

configuration of the circuit and the water properties are both fixed whereas the yarn’s properties vary 
with the proportions of the blend and its morphology.  

The first step of characterization was to measure the initial electrical conductivity of the different 
blends (Fig. 6). The initial electrical conductivity decreases with the addition of PBE in the blend. 
With more than 40 wt.% of PBE, the fillers content in the blend becomes lower than the one of the 
electrical percolation threshold founded by Javadi Toghchi et al. [21]: respectively 1.8 wt.% for the 
60/40 against 2 wt.% for the percolation threshold. Therefore, a sharp drop in conductivity can be 
observed after 30 wt.% of PBE in the blend. 

 

 
Figure 6. Short circuit principle: Conductance and initial electrical conductivity of the blends. 

 
Regarding the short circuit principle, the same trend is observed as the initial conductivity. The 

conductance signal is from about 1.4×10-7 S without elastomer to 8.3×10-9 S with 30 wt.% of PBE in 
the blend. Then, it decreases to 1.7×10-12 S for PA6.63CNT50/PBE50. The electrical conductivity of a 
semiconducting polymer is between 10-7 and 104 S/m thus the short circuit with the 
PA6.63CNT50/PBE50 can be considered as a no longer conductive. By hypothesis, the creation of more 
contact points between the water and the CNT can be improved with a majority phase of PA6.63CNT 
and thus with a nodular morphology. The PA6.6 have a moisture regain of about 4.5 % which makes 
it more hydrophilic than PBE which is composed of polypropylene and ethylene with a moisture 
regain of about 0 % [27]. Therefore, the water accessibility can be limited with the fibrillar 
morphology which has a majority phase of PBE.  

 
Absorption principle. For the absorption principle, the sensitivity to water calculated is the 

variation of conductivity of the monofilaments before and after soaked in water. Two behaviors are 
detected. The blends with less than 30 wt.% of PBE have a positive sensitivity: from 43 % to 28 % 
for the PA6.63CNT70/PBE30. It is due to an increase in conductivity whereas beyond 30 wt.%, a 
negative sensitivity is observed: from -26 % to -52 % for respectively 60/40 and 50/50. 
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Figure 7. Principle of absorption: Water sensitivity and the initial conductivity of the 

monofilaments in different blend proportions. 
 

This behavior variation is due to the phase inversion. For the positive sensitivities, the blends have 
a majority phase of the PA6.63CNT which promotes the conductive paths creation between absorbed 
water and fillers. Their water absorption property allows to increase the final conductivity of the 
monofilament. However, for the blends with majority phase of PBE, the swelling of the PA6.63CNT 
fibrils results in the increase in the interparticular distance which can explained the decrease of the 
electrical conductivity and thus the negative sensitivity. 

 
Implementation in the resin. After characterizations of the blends for the water detection, the 

electrical properties variations after their implementation in the resin are determined (Fig.8). Without 
PBE in the blend, the electrical conductivity of the monofilament varies from 1×10-2 S/m at its initial 
state to 6.7×10-3 S/m after its implementation in the resin. While, adding small proportion of PBE in 
the blend stabilizes the conductivity of the monofilament after implementation in the resin about 
2×10-3 S/m for 10 and 30 wt.% and 3.4×10-3 S/m for 20 wt.%. Therefore, the process of the yarn 
implementation in the resin have small influence on the yarn electrical conductivity which is 
important to develop and the install the waterproof membrane on the industrial structure.  

 
Figure 8. Electrical conductivity of the monofilament before and after its implementation in the 

resin 
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Summary 
In conclusion, to develop a water detector yarn in a waterproof membrane, an immiscible polymers 
blend filled with carbon nanotubes : PA6.63CNT/PBE, is developed and characterized. The PA6.63CNT 
is employed for its good water detection property. The addition of PBE allows to decrease the total 
amount of fillers to make the yarn conductive. It allows also the yarn flexibility to mechanical stresses 
due in particular to the deformation of the epoxy resin membrane.   
The monofilaments with a elastomer proportions less than 30 wt.% contain nodules of PBE in the 
PA6.63CNT. Above 30 wt.%, they have a fibrillar morphology of the PA6.63CNT in the PBE. The 
nodular morphology does not improve significantly the mechanical properties. Moreover, the blends 
with a high proportion of PBE have weaker mechanical properties due to the poor interfacial quality 
between the PBE and the PA6.63CNT. Regarding the blends with small PBE percentages, they have 
good electrical and water detection properties. No electrical conductivity variations is noticed after 
their implementation in the resin. 
To improve the resin cracking resistance, a PBE monofilament filled with carbon nanotubes is 
investigated without the PA6.6. Their detection properties and their electrical conductivity variation 
after its implementation in the resin are studied.  
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Abstract. Electrically conductive textiles for wearable smart devices are in increasing demand [1]. 
The advantages of flexible fabric structures are combined with electronic functions, such as sensing 
or actuating, energy harvesting or illuminating, for the design of a multitude of smart textiles. Those 
functions are often created by applying conductive layers or patterns onto the textile surface with 
two-phase systems based on conductive filler particles in polymeric binders. However, those systems 
alter the textile-typical properties regarding haptic, drape, flexibility or weight, depending on the type 
of conductive particle used, i.e., metal- or carbon-based ones. Generally, electrical conductivity 
increases with the increase of conductive filler concentration. The relation between the various factors 
determining the electrical behavior as well as the percolation threshold for some dispersions and in 
particular the size and shape of the filler particles were previously assessed for planar coatings [2].  

For that reason, in this research work electrically, conductive patterns were printed with dispenser 
printing technology using such two-phase dispersions based on polyurethane and polyacrylate binders 
and various metal microparticle flakes. With this application method linear resistance of approx. 25 
to 100 Ohm per 100 cm depending on the textile structure could be realized, which was not even 
significantly reduced by household washing at 40°C or abrasion by Martindale. 

Introduction 
In order to apply conductive dispersions to textile surfaces in patterns, one cannot use coating 

methods but has to switch to printing techniques. Screen printing is widely used for printing 
electrodes or circuits, but one faces numerous limitations and disadvantages. The minimum line width 
as well as the maximum particle size depend on the mesh of the screens, which is greatly limited. 
Furthermore, as screens are in contact with the textile substrate, printing on highly three-dimensional 
surfaces is difficult and inaccurate. Additionally, the required fabrication of screens is not only costly 
but also time consuming. Finally, always a certain volume of print paste remains on the screen and 
squeegee and is wasted, which is a major disadvantage with respect to the high cost in additively 
manufactured circuits, but also from an ecological aspect. 

Digital printing offers many advantages over screen printing. Inkjet printing is a contact free 
printing technology using inks specifically developed for those printheads. Print dispersions based on 
polymeric binders and metal or carbon microparticles are not suitable for the fine nozzle dimensions. 
Conductive inks are rather based on conductive polymers or/and metal or carbon nanoparticles. 

In recent years, dispenser printing was investigated by numerous research teams as an alternative 
digital printing technique. It is a thick-film deposition technique used in fabricating smart textile 
devices such as sensors and energy harvesters. With dispenser printing circuits can be created in 
resolutions down to millimeter-sized features [3]. With a dispenser printer the dispersion in a 
pressurized syringe is deposited onto the textile material. The desired pattern is controlled in three 
dimensions using an XYZ stage-system. The resolution is dependent on the size of the syringe nozzle 
and the rheological behavior of the dispersion [4]. Dispenser printing is a digital drop-on-demand 
technique using a robotic actuator to precisely deposit print pastes in a manner similar to a 3D printer 
[5]. The technique is very versatile, suitable for a wide variety of dispersions and textile substrates, 
even delicate or adhesive materials. The vertical, non-contact position of the nozzle allows changes 
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dynamically while printing and printing on uneven substrates as well as over seams or on medical 
dressings [6]. Even skin-mountable stretch sensors can be manufactured cost-effectively by direct 
printing onto woven elastic fabrics in various patterns [7]. 

Electrically conductive patterns on textile surfaces can be realized with intrinsic conductive 
polymer dispersions based on polyethylenedioxythiophene (PEDOT), polyaniline (PANi), 
polypyrrole (PPy) or polyacethylene for coating and printing [8] or alternatively, with non-conductive 
polymeric dispersions such as aqueous polyurethane (PU), polyacrylate (PAc) or many others, filled 
with conductive particles based on metal or carbon as two-phase systems. In this case the transition 
between conductive and non-conductive states takes place at percolation threshold [9], which – to a 
great extent – is related to factors inherent with the fillers, such as basic conductivity, filler volume 
fraction, distribution and packing factor as well as general characteristics of the fillers like size, shape, 
surface area, morphology, orientation [10]. Carbon holds a specific resistance of 10-3 Ω cm while 
copper or silver exhibit 10-6 Ω cm [11]. Coatings on Polyester fabrics with dispersion filled with 
carbon black or carbon nanotubes reached sheet resistivities between 101 and 102 Ω sq, while 
dispersions filled with copper and silver microparticles achieved results around 10-1 Ω sq [12].  

For the packing factor, statistically, the maximum filler volume can be calculated to 64% for 
monodispersed spherical particles and can be increased above 64%, when blending different sized 
particles or reduced below 64%, when using skeleton forming or anisotropic longitudinal fillers [13]. 
Microparticles seem a superior choice for highly conductive structures, but the increase in cost and 
weight as well as the decrease in flexibility and bendability of the textile materials must be considered 
[14]. Furthermore, the binder polymer has a major influence on the conductivity of two-phase systems 
with particles, especially the interparticle filler spacing, the configuration and the crystallinity of the 
polymer [15]. Percolation threshold is depending on the configuration of the polymer chains as 
branches hinder the electron flow as well as highly amorphous regions, where filler particles are 
distributed homogeneously instead of forming conductive paths as happens in highly crystalline 
regions [16]. High temperature increases polymer diffusion and entanglement, thus blocks the 
formation of conductive particle paths and increases resistivity [17]. 

In this research work electrically, conductive patterns were printed with a dispenser printer using 
two phase dispersions based on different polymeric binders and metal microparticle flakes. With this 
application method linear resistance of approx. 25 to 100 Ohm per 100 cm depending on the textile 
structure could be realized, which was not even significantly reduced by household washing at 40°C 
or abrasion by Martindale. 

Materials and Methods 
The conductive patterns were printed on different textile materials with different dispersions 

blended with metal-based particles. 
Textile materials: 100% polyester (PES) warp-knit, 125 g/m2, washed, optical brightened, 

thermofixed and 100% PES ripstop woven, 105 g/m2 washed, optical brightened, thermofixed and 
polyurethane (PUR)-coated. 

Polymer materials: Commercially available binder dispersions, obtained from CHT R. Beitlich, 
Tübingen, Germany, were prepared for the digital printing process using a polyacrylate (PAc) binder, 
Tubicoat A22 (solid content 60%, density 1,0000 g/cm3 and pH 7,5-9,0) and a PUR binder, Tubicoat 
PU60 (solid content 60%, density 1,1000 g/cm3 and pH 8,0-9,0). For viscosity adjustments Tubicoat 
Thickener LP was added to the blends. 

Filler materials: Two metallized micro-particles were obtained from Eckart GmbH. The two 
different types of metal particles were silver-coated copper particles with D50 specification of  
11,6 µm (eConduct Copper 122000), named Copper 12 µm, and silver-coated glass particles with 
D50 specification of 30,4 µm (eConduct Glass 352000), named Glass 30 µm. Both microparticles are 
flakes with undefined edges, the glass particle is particularly flat and rather longitudinal.  

Preparation of dispersions: The percolation threshold of metal particles was determined in 
previous work of the authors between 15 and 20 wt.-% metal particle in a polymeric binder with 12 
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to 15 % solid content [18]. For this reason, the printing dispersions for this research work were 
prepared by mixing the basic polymers with distilled water for a solid content 15,0%. The viscosity 
was adjusted to 60 dPas with 1-2% Tubicoat Thickener LP. The metal pigments were blended in with 
a VMA-Getzmann Dispermat LC30. Both metal particles were blended with the polymeric 
dispersions at 20% as is shown in table 1. 
 

Table 1: Polymeric blends with metal particles 
 A B C D 
     PUR 80% 80% - - 

PAC - - 80% 80% 
Copper 12µm 20% - 20% - 
Glass 30µm - 20% - 20% 

     
 
Printing on textile: For printing the meander pattern, the 3D-digital food printer Procusini 3.0 was 

used with a 60 ml dispenser syringe and 0,8 mm nozzles, as shown in Fig.1. The overall length of the 
meander measured 100 cm and there were eight lines of 10 cm each between the turns. Within the 
Procusini software program the following settings were applied: line width 0,5 mm, speed 50%, flow 
rate 60%, thickness 0,55 mm, infill 25%, retracting 75%. After printing, the samples were dried in a 
Mathis Lab Dryer at 80°C, 180 s and subsequently annealed at 150°C, 60 s. Each dispersion was 
printed 10 times on both textile base materials. 

Analytical methods: The viscosity was determined with the Haake Viscotester, Spindel 2. The 
evaluation of the printed pattern included linear resistance measured with a Voltcraft LCR-300 
multimeter 2-point probe after drying and after annealing, each after conditioning at 20°C, 65% rel. 
hum. for 24 h. In addition, the abrasion resistance of the conductive circuits was determined with the 
Martindale Abrasion tester according to DIN EN ISO 12947 and furthermore the wash fastness of the 
conductive pattern on the basis of DIN EN ISO 105-C06. The patterns were also analyzed 
microscopically with a Keyence Microscope VH-Z20R regarding even depositing, line width and 
fabric penetration (images x50). With the Hitachi TM 3000 Tabletop microscope SEM images were 
obtained at an acceleration voltage of 15 kV to identify the distribution of the coating dispersion and 
in particular the metal particles (images x1,000). With the Keyence Laser Microscope further images 
of the different prints and the resulting topography were obtained (images x100). 

Results and Discussion 
The two-phase systems of polymer binder and metal microparticles were repeatably printable as 

shown in Fig. 1. The print results were identical even after 10 and more prints realized with one 
dispenser filling and without any blocking of the nozzle. Approximately 60 g of dispersion was used 
for 10 prints. 
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Fig. 1: Printed pattern on Procusini printer [Lempa, 22.02.2021] 

 
The prints on the two different types of fabric with the four different dispersions were analysed 

under the microscope with images including the determination of the line width (table 2) and of the 
cross-section including the determination of the coating thickness (table 3).  

With the 0,8 mm syringe nozzle the line width of the prints was determined between 3,659 and 
4,309 µm. No significant differences were detected between printing on warp-knit or ripstop fabric. 
However, as ripstop is a more three-dimensional structure, the distinct upper lines are visible in some 
of the microscopic images, such as B and D, when the silver-coated glass particle was used. 

 
Table 2: Microscope images and line width of prints after annealing (50x enlarged) 

 A B C D 
     

 P
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Line width 4,220 µm Line width 3,659 µm Line width 3,742 µm Line width 4,109 µm 

 
    

  P
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S 
W
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kn
it 

    
Line width 4,270 µm Line width 4,309 µm Line width 3,981 µm Line width 4,001 µm 

 
The thickness of the prints measured from the cross-section averaged to approx. 250 to 400 µm on 

the warp-knit material and approx. 400 to 600 µm on the ripstop woven fabric. 
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Table 3: Microscopic images of the cross-section of prints after annealing (50x enlarged) 
 A B C D 
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The prints with silver-coated copper particles led to less thickness, as the particles are much 

smaller. Average size D50 of the copper particles is specified with 11,6 µm. It is a flake of rather 
thick appearance. In contrast to this, the silver-coated glass particles resulted in a thicker build-up, as 
the average size D50 was specified at 30,4 µm, albeit that the flake is quite flat.  
 

The images with the Laser microscope confirm the shape and size of the respective metal particles. 
The topography does not vary substantially between all prints. The measurements also verify the 
slightly higher build-up of prints with the larger glass particle. The images of both particles are shown 
in figure 2.   

 

 
Fig. 2: Images from Laser microscope (top) and topography (bottom) of printed polymeric blend A (left) and 

B (right) 
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Furthermore, the prints were evaluated with the SEM. The images shown in figure 3 and figure 4 
visualize the difference in shape and size of the two particles used in the polymeric blends. The silver-
coated copper particles exhibit a random shape and rather small diameter, while the shape of the 
silver-coated glass particles really looks like broken glass with very sharp and defined edges. In 
addition, the thin and longitudinal shape of the larger particles is obvious. 

 

             
Fig. 3: SEM image of printed polymeric blend A  Fig.4: SEM image of printed polymeric blend B 

 
When using the prints for smart textiles, the linear resistance of the meander is the most important 

property. Overall, the linear resistance only marginally deviated when using one kind of dispersion 
on one type of fabric. As the design included eight lines of 10 cm each, there was a large number of 
lines measurable allowing the determination of deviation. For all 10 cm lines as well as for the total 
100 cm lines of all 10 samples on one fabric no significant differences were detected within the prints 
of the same dispersion. Table 4 shows the average linear resistance of 10 measurements for 100 cm 
lines and 80 measurements of 10 cm lines. The resistance of the blend PAc with the copper particle 
is significantly lower than with the glass particle, while it is the opposite in the blend with PUR, 
independent of the chosen fabric. Overall, the results are slightly superior with the PES warp-knit 
material using PAc, but almost identical using PUR. As described in the introduction, the annealing 
temperature, which is essential to ensure sufficient crosslinking and adhesion of the binder to the 
textile material, reduces conductivity due to the increase of crystallinity in the binder matrix. 
However, this is less significant with PAc, as the polymer used in the described trials is highly 
branched and therefore probably less prone to an increase in crystallinity from heat treatment. A 
washing cycle at 40°C increases linear resistance by nearly 100%, but there is no much further change 
after another four washes.   

 
Table 4: Average linear resistance of 10 printed circuits [ohm] 

 100% PES ripstop woven 100% PES warp-knit 

 
A 

PUR/ 
CU 

B 
PUR/ 

GL 

C 
PAC/
CU 

D 
PAC/
GL 

A 
PUR/ 

CU 

B 
PUR/ 

GL 

C 
PAC/
CU 

D 
PAC/
GL 

 

Rs 10 cm         

After drying 80°C 10,94 6,39 4,23 12,11 10,27 5,78 2,15 8,81 
Rs 100 cm         

After drying 80°C 72,91 47,91 32,45 102,84 78,05 51,57 26,15 77,46 
After annealing 150°C 98,75 54,53 39,64 120,54 103,88 75,95 34,87 105.71 

After washing 40°C  197,36 160,51 72,54 228,15 186,72 113,97 54,15 158,39 
After washing 5x 40°C 205,78 172,88 89,22 232,49 201,75 119,31  68,63 167,02 

 

Conclusion and Summary 
With the Procusini 3D food printer electrically conductive patterns can be realized with the 

described dispenser technique. By choosing the appropriate polymeric binders as well as the optimum 
shape and size of metal particles the percolation threshold can be reasonably low. With the filler 
concentration of 20% in PUR and in PAc, the lowest surface resistivity was obtained with the smaller 
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silver-coated copper flakes compared to the larger silver-coated glass flakes. The results with the 
copper and the glass particle were slightly better on the more three-dimensional PES warp-knit fabric 
than on the very thin and light-weight PES ripstop woven fabric. The temperature of annealing has a 
negative impact on surface resistivity for both particles in both polymer binder blends due to the 
increase in crystallinity, but the differences from drying at 80°C or annealing at 150°C is less using 
the glass flakes. It was assumed, that in the coatings with the copper particle, particularly in PAc 
blends, some corrosion of the flakes occurred, as this could be observed when storing the prepared 
printing dispersion for longer than 3 to 4 hours.  

In conclusion, silver-coated copper particles lead to better results in linear resistance per 100 cm 
in combination with polyacrylate, while silver-coated glass particles are better in blends with 
polyurethane. The warp-knit material is superior over the ripstop fabric, annealing increases 
resistance, however this is required to improve wash-fastness as indicated by the supplier. Overall, 
the best result, even after washing, was achieved with the dispersion blended with 80 % of the 
polyacrylate binder at a 15% solid content and 20 % of the 12 µm silver-coated copper particles. 
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Abstract. The internet of things is a key driver for new developments in the fields of medicine, 
industry 4.0 and gaming. Consequently, the interaction of virtual and real world by smart 
interconnecting of devices in our everyday life is the basis idea of the Cluster of Excellence "Centre 
for Tactile Internet with Human-in-the-Loop" (CeTI) at TU Dresden. To enable a user-centric 
approach in CeTI innovative textile structures, mainly knitted smart gloves, and their 
functionalization by integration of sensors and sensory yarns are focus of research activities. 

Introduction 
The current Internet has created a key infrastructure component for our modern world, touching 

almost every aspect of our daily lives. The Internet democratised access to information and has 
enabled emerging economies to participate in the modern global economy. We are now approaching 
the next big wave of Internet innovation: the Tactile Internet. The IEEE standard P1918.1 defined the 
Tactile Internet as following: “A network or network of networks for remotely accessing, perceiving, 
manipulating or controlling real or virtual objects or processes in perceived real time by humans or 
machines.” [1] Beyond the standard IEEE definition of the Tactile Internet, the key mission of CeTI 
project [2] at TU Dresden is to discover the new frontiers of the Tactile Internet with Human-in-the-
Loop (TaHiL). By explicitly integrating human goal-oriented perception and action as well as human 
development and expertise as subfields of research into the new technological breakthroughs, TaHiL 
will allow human users to immerse themselves into virtual, remote, or inaccessible real environments 
to exchange skills and expertise.  

Therefore, new functions (e.g. strain, movement and position detection, haptic feedback [3]) are 
being integrated into smart textiles (e.g. smart gloves, suits) within CeTI, for human-in-the-loop 
applications as a communication tools between virtual world and real world. Fundamental 
interactions between humans and machines, e.g. robots, become possible by the use of smart textiles 
with integrated sensors and actuators for haptic/tactile user-feedback. 

One of the main objects of investigation is an interface device in form of a smart glove, which 
controls robotic hands and virtual objects. These gloves are manufactured with textile-integrated 
sensors and leads using electrically conductive yarns. These yarns are used to implement resistive 
strain sensors that change its resistance during finger flexion. Several developments are necessary for 
the production of these kind of knitted smart gloves. On the one hand, the damage to the electrically 
conductive yarn during processing must be investigated, and on the other hand, there are various 
binding aspects that must be taken into consideration which have a significant influence on the 
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integrated strain sensor’s measurement behaviour. In addition, some manual reworking is still 
necessary (such as the embedding of electronic components), because especially electrical 
interconnecting of conductive yarns with conventional circuit boards has not yet been automated. 

Materials and Machines 
The aim of this project is to develop a smart glove with directly integrated textile sensor 

technology, which will be extended by an actuator system at a later stage. For this purpose, it is 
important that the processed electrically conductive yarns are tested for their suitability. This includes, 
among other things, the knitability depending on the binding technique and the damage potential 
during processing. Use properties of electrically conductive yarns such as washability [4 – 6] have 
already been investigated and are not the focus of the investigations here. Two electrically conductive 
yarns are used for these investigations, a silver-coated PA yarn (Y1) is compared with a stainless 
steel/polyester hybrid yarn (Y2 cf. Table 1). Within Table 1, the electrical resistance according to the 
data sheets is compared with measured resistance in unstrained condition of the yarn. For this purpose, 
an average of 20 samples is taken directly from the bobbin (reference yarn) to perform four-wire 
resistance measurement. [7, 8] 

Table 1 Overview of the yarns used and their basic electrical resistances [7, 8] 

 manufacturer/ type/ yarn count material linear resistance [Ω/m] 
data sheet measured 

Y1 Statex – Shieldex 117/17 dtex 2PLY HC+B PA, Ag-coating < 300.0 138.6 
Y2 Amann – Steel-tech 100 930 dtex PES, stainless steel < 90.0 90.0 

 
For the non-conductive basic structure of the smart glove, a polyamide 6.6 yarn (2x78 dtex) as 

base material is plated with a elastane yarn (135 dtex). For the production of gloves flat knitting 
machines Shima Seiki SWG 091N2 (gauge E15) [9] and Karl Mayer Stoll ADF 530-32 BW multi 
gauge (gauge E7.2) [10] are used. The Stoll ADF machine is used for the investigations into the 
damage behavior of the yarn, as this machine can handle all common feed variants. The Shima SWG 
has more specialized feeding elements and the results can therefore be transferred less easily to other 
machine types. 

Yarn Damage 
Method. The yarn infeed on flat knitting machines is generally from the rear to the front. The bobbins 
are generally arranged behind the working station and the yarn guides. Above the machine, the 
feeding elements, yarn control units and feeders are arranged in a superstructure. These elements form 
the different feed variants (FV). For the investigations, only the paths up to the yarn guides are 
considered, as in further tests the yarn guide, the needles, the needle bed and the fabric take-off are 
investigated individually. This is intended to determine crucial machinery components responsible 
for any yarn damage. In addition, the yarn take-off speed is varied so that different machine speeds 
can be mapped. The machine elements of each feed variant are listed below: 

− FV I: bobbin – feeding elements – Karl Mayer Stoll ADF yarn control unit 

− FV II: bobbin - feeding elements – storage feeder Memminger-Iro MSF-3 [11] - 
Karl Mayer Stoll ADF yarn control unit  

− FV III: bobbin - feeding elements – electronic yarn feeder Memminger-Iro EFS920 [12] 
The main differences of the used devices are the different modes of action and therefore incoming 

specific yarn damage. On the yarn control unit (Karl Mayer Stoll Textilmaschinenfabrik GmbH – 
ADF yarn control unit) the yarn is stressed abrasively by disc brakes and the knot monitor, on the 
tension unit by yarn accelerations and small deflection angles. On the winding body of the storage 
feeder (Memminger-Iro Gmbh – MSF 3), the yarn is wound by a force controlled winding transport 
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system. This system has the advantage that no stretching movement of the yarn is caused by the 
winding of the storage feeder. In contrast, the electronic yarn feeder EFS 920 (Memminger-Iro 
GmbH) winds the yarn by means of the rotation of a yarn wheel. The geometry and design of the 
winding body and yarn wheel have different characteristics and therefore indicate results in 
differences to the damage potential. 
Results and discussion. Two yarns with different textures were tested, a silver-coated yarn (Y1: cf. 
Table 1) and a stainless steel/polyester hybrid yarn (Y2). Regarding the yarn construction, it is to be 
expected that the damage potential differs enormously between the two variants. The silver coating 
(which generates the electrical conductivity) of yarn  Y1 is inevitably more susceptible to abrasion 
[13], compared to a yarn that gets its electrical properties from the fiber material alone. The yarn Y2 
did not receive any significant damage from the feed variant to the knitting machine, the resistance is 
approx. 90 Ω/m for all samples (Fig. 1). It can be observed that the resistance depends on the 
processing speed and its value at 1.4 m/s is on average 2.4% higher than at 1.0 m/s. This could be 
related to abrasion of the finishing [14], that can be seen in the SEM images (Table 2). It is 
exemplified that the fibres of the reference yarn have a strong adhesion and are closer to each other 
than after processing which led to the slight separation for all three feed variants FV I-III.  

 
Fig. 1 Lineic resistance of yarns Y1 and Y2 depending on FV and the test speed 

More significant differences can be seen with yarn Y1. Due to fiber damage at processing speed of  
1 m/s are the resulting resistances are on average about 35.7 % and at a speed of 1.4 m/s about  
53.9 % higher than the reference value. These values and the SEM images demonstrate that the 
increase in resistance is due to damage (abrasion/tearing) of the silver coating. In addition, a 
correlation between the degree of damage and the test speed can be established. Furthermore, it can 
be seen that there is a correlation between feed variant (FV) and yarn damage. FV II has a lower 
impact on the resistance compared to FV I (FV I 56.0 %, FV II 42.5 %). In this case, the intermediate 
storage feeder reduces the abrasion by pulling off the bobbin more evenly. The increase in resistance 
at lower speed with the electronic yarn feeder (FV III) is comparable with FV II, but with an increase 
in speed to 1.4 m/s the resistance increases by 22.8 % to 226.2 Ω/m. It is obvious that this effect is 
favored by the operating principle and the design of the feeder due to rising friction at increased 
speeds between the yarns, which are laid in tight coils around a yarn wheel. 
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Table 2 SEM images of reference yarn and the feed variants (FV) I - III tested at 1.4m/s 
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Summary. The investigations have shown that the damaging of the electrically conductive coating 
of the yarn Y1 has a high influence on resistance. Previous studies [6] have shown that an average 
durability of at least 10 washing cycles is given before the conductivity is significantly reduced. This 
effect can be transferred in parts, especially the mechanical stress, which is also generated during 
washing, has a high damage potential for coated yarns. Above all, the high friction with the machine 
parts is decisive here. The investigations have shown that even the short section between the bobbin 
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and the yarn carrier infeed has a significant potential for damage. On the other hand, the investigations 
have also shown that a yarn which is conductive solely due to its material composition (Y2) is not 
significantly affected by abrasion. 

Binding Technique 
Method. For the production of a smart glove with textile-integrated sensors for controlling virtual 
objects or robot arms, the previously mentioned electrically conductive yarns Y1 or Y2 (cf. Table 1) 
and their improvements are necessary. These are used to implement both sensors and power supply 
lines, and there binding-related special features that must be taken into due consideration. Thus, the 
design of a sensor depends on the bond, the structural and material elongation. Among other things, 
the following requirements are necessary for the production of a smart glove: 

− Base material of knitted structure has to be electrically isolating, 

− Yarn-based sensor and power supply line should be manufactured integrally on weft knitting 
machines, 

− High elasticity of the sensory yarn to ensure dynamic movement measurement, 

− Resistances: 

o Power supply lines should have low resistance (< 20 Ω/m) for reducing voltage drop, 
o Integral strain sensors need high resistance change for sufficient strain sensing 

capability. 

− Good fit - light, comfortable and thin glove. 

Results and discussion. A high number of variants is necessary to assess the function of the sensor 
design, since the basic operating principle of the knitted sensor setup must first be verified. In order 
to pick up the movements of the fingers with a smart glove, yarn-based strain sensors are used within 
this project. The effect bases on change in resistance due to change of the electro-conductive fibers 
geometry during tensile straining [15]. To demonstrate the functionality of the glove and the change 
in resistance due to movement, this value is measured with twice for the straight (R0) and bended (R1) 
sensor within the finger of the glove. The relative change can be determined with this differential 
measurement (Fig. 2 II). There are different textile approaches. On the one hand, the strain sensor is 
made of a single yarn, since the material’s resistance correlates with the strain level and thus, 
theoretically, a very sensitive sensor can be implemented. A major disadvantage of this sensor design 
is that the relaxation behavior (decrease of the resistance towards R0) of the knitted glove structure 
that is plated with elastane causes a faster relaxation and differs from the non-plated sensor yarn. In 
contrast, meshed yarn-based strain sensors offer higher structural integrity level, which has a positive 
effect on the relaxation behavior of the sensor. The principle, the structure of the conductive elements 
in Fig. 2 I consists of sensor lines (c) and power supply lines (d) which differ in their cross-section 
geometry and their resistance. The length of the sensor extends to the finger joint (b) with the 
subsequent power supply line (d), which extends to the structure-integrated electronics. Due to the 
anatomy of the hand, the length of the individual sensors and supply lines per finger differs. By 
varying the binding elements (stitch, tuck stitch, integrated warp yarn), sensors with different 
straining behavior and resistances can be implemented. Thus, the thickness of the sensor and the 
power supply lines (Fig. 3 G1 and G2) is relevant. Here, limited by the finger width and the binding 
structure, the respective thickness can be varied between one and three stitches in width. It can be 
assumed that a thicker power supply line has a lower resistance and thus a minimized unintentional 
influence on the strain measurement of the major strain sensing area of the integral sensor. In addition, 
the total resistance is significantly higher using a narrow design of the active measuring sensor lines 
(c), cf. Table 3. Another significant influencing factor is the use of the binding elements. Thus, the 
output resistance, for the structures with narrow/thin sensor, is significantly higher than for G1. By 
bending the finger and measuring the change in resistance, it is clearly visible that there are significant 
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bond-related differences. For example, plating with the base material causes the sensor structure to 
solidify, so that a strain-induced change in resistance is marginal. However, because a strain sensor 
requires a high change in resistance to resolve different finger positions reliably, plating with elastane 
(G3) is more effective. This sensor design also favors a higher sensitivity of the sensor. As an 
additional parameter, the yarn material for the sensor is varied. Y1 and Y2 are equally suitable for 
the functionality of the strain sensor. However, the haptic feel of the structures differs, as the material 
combination of Y2 results in a noticeably harder and slightly stiffer sensor design. 

  
I II 

Fig. 2 Scheme of the glove (I) with resistive sensor finger (a), finger joint (b) and strain sensor lines (c) and 
power supply lines (d) and illustration of the hand positions for determining the resistance change (II) 

Table 3 Change in resistance to finger flexing of the different glove versions 

 G1 G2 G3 G4 
Resistance R0 finger straight [Ω] 25 78 80 98 
Resistance R1 finger bended [Ω] 29 97 107 103 
Relative ∆R/R change [%] 18 24 34 5 

 

  
G1 G2 

  
G3 G4 

Fig. 3 Different knitted sensor designs Intarsia (G1), Intarsia (different layout; G2), plated with elastane 
(G3), plated with base material (G4) 

Summary. The manufacturing of a smart gloves with textile-integrated sensors is subject to many 
parameters. It can be stated that the sensor behavior is influenced by the bonding elements, the 
integration into the carrying knitted structure, the geometry of the sensor threads and the materials. 
One of the most important findings is that the electrically conductive material must be integrated into 
the structure and must also have similar elasticity (means by plating with elastane), otherwise the 
relaxation behavior of the basic structure and the sensor will be different. Due to this different 
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mechanics, the finger movement cannot be clearly identified by resistance measurement in real time 
and perspectively the control of a robot becomes inaccurate. 

Conclusion and Outlook 
Integrally manufactured smart textiles, such as smart gloves, can be produced using flat knitting 

technology. Textile-based resistive strain sensors and the power supply lines can be integrated into 
the knitted structures during fabric formation process. The selection of a suitable and durable electro-
conductive yarn material is crucial, because it can be damaged during processing. This damage is 
increased due to the usage of smart textiles (ageing due wearing), so it is important to develop novel 
coatings that make the yarn more durable against abrasion during processing and usage. Here, a 
compromise must be found between abrasion resistance and textile processability, because that higher 
the coating thickness that higher the yarn stiffness which reduces the diversity of knitting [13]. 
However, this is necessary to develop sensors with improved usage properties. Since only through an 
increased abrasion resistance, or a non-aging yarn resistance, despite processing and use of the yarn, 
a sensor with a long service life can be implemented. Within further test series, the dynamic sensor 
behavior has finally to be analyzed by recording the signal course of the integrated strain sensor 
during several load cycles of the sensor glove. Furthermore, the binding technology of the 
gloves/sensors will be further investigated in order to develop even more sensitive systems. The 
damage of the electrically conductive yarns during the knitting process will be further investigated. 
On the one hand, the damage caused by the yarn guide, but also by the needles and the take-down 
will be examined. Another important object of investigation will be focused on methods and types of 
electrical interconnection between the textile component and rigid electronic components. 
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Abstract. Adaptive fiber-reinforced plastics (FRP) contain actuators that enable the controlled 
modification of system states and characteristics. The textile-technical integration of actuators, in 
particular shape memory alloys, into reinforcing fabrics has increasingly been applied in recent years. 
The objective is to achieve optimum force transmission from shape memory alloy to FRP, long-term 
stability of adaptive FRP as well as a maximum degree of deformation. This paper presents the 
development of actuator networks for adaptive FRP, where two shape memory alloys are integrated 
into reinforcing fabrics by means of open reed weaving technology. After infusion of the 
functionalized reinforcing fabrics, the deformation behavior of adaptive FRP was characterized with 
variable actuator switching frequencies (≥ 1 Hz) or actuator activation times (≤ 1 s). 

Introduction 
Particularly in the last 20 years, fiber-reinforced plastics (FRP) have been used extensively as 

promising materials for resource-saving mobility. Due to their high stiffness at low mass compared 
to traditionally used materials, FRP are applied as load-bearing structures for the most dominant 
modes of transport, such as aviation, road, rail, or ship transport [1]. However, FRP can be used more 
efficiently and economically by integrating actuator materials for the realization of form variable 
structures.  

Shape memory alloys (SMA) as actuator materials can realize the form variable FRP structures. 
SMA have the special property of "remembering" their original shape after a permanent plastic 
deformation below a certain critical temperature by heating them above this temperature. This 
phenomenon is termed shape memory effect (SME) [2], which is also found in shape memory 
ceramics (SMC) and shape memory polymers (SMP) [3,4]. However, SMA are more suitable for FRP 
applications compared SMC and SMP as they offer numerous advantages including considerably 
higher usable specific energy densities (2∙10³ J/kg), high actuation stress (10 MJ/m3), malleability, 
faster response due to thermally induced activation by joule heating, and stability in the high 
temperature phase [2,5,6]. By means of structurally integrated SMA, single-axis and intrinsic 
adaptive FRP components can be realized, reducing the number of necessary parts and joints, and 
therefore resulting in significantly lower assembly costs. 

In recent years, research on SMA regarding their application in FRP gained a lot of attention within 
the composite community [7-11]. In all research efforts, SMA have only been embedded into the 
matrix of FRP structures. However, to ensure proper force transmission from SMA to FRP and to 
reduce the delamination of SMA in FRP, it is necessary to integrate SMA into reinforcing fabrics 
using textile technology.  

In previous works carried out by the authors, the textile technical integration of SMA into 
reinforcing fabrics was implemented by means of the rapier weaving technology [12 – 17] and open 
reed weaving (ORW) technology [18 – 20]. The suitability of adaptive FRP for use in fast application 
scenarios has not been reported until now. Hence, this paper reports the deformation behavior of 
adaptive FRP variable actuator switching frequencies (≥ 1 Hz) or actuator activation times (≤ 1 s).   
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Materials and Methods 
Materials. A market-available SMA wire (Alloy H ox. sa., Memry GmbH, Germany) with a 

diameter of 0.305 mm and transition temperature of 95-110°C was used in this study for the 
development of functionalized reinforcing fabric. The wire-shaped SMA was coated with the 
separating agent Dexcoat 8 (Tag chemicals, Germany) to ensure free and even mobility of SMA 
within FRP in order to fully exploit the deformation capability of SMA and therefore to increase the 
deformation potential of FRP structures. The reinforcing material is based on glass fiber rovings 
(Glasseiden GmbH Oschatz, Germany) of finesses of 1200 tex. In order to prevent the SME during 
the infusion process, a cold-curing thermosetting matrix system was used. Hence, the commercially 
available resin system MGS® RIMR 135 was combined with the curing agent RIMH® 137 (Hexion, 
USA). To increase the flexibility of the matrix material, the modifier Heloxy (Hexion, USA) was 
mixed with the resin system at a ratio of 7:3 for fabrication of adaptive FRP. Therefore, resin and 
curing agent were mixed at a ratio of 10:2.4 instead of 10:3.  

Development of functional reinforcing fabrics. The functionalized reinforcing fabrics with 
variable cross-section (pliable area and rigid area) were produced on a rapier weaving machine PTS 
4/SOD including two ORW units (Lindauer Dornier GmbH, Germany). The aim of the variable cross-
sectional structure is the development of structure integrated joint to increase the deformation 
potential of adaptive FRP. Here, one set of warp yarn and three set of weft yarn were used. In rigid 
areas of fabric, three layers of weft yarn are interlaced with one set of warp yarn as angle-interlock 
weave basis. In the pliable area, every first weft yarn is plain interwoven with warp yarns, while the 
other two float underneath the woven fabric. By cutting the floating weft yarns of 100 mm length, the 
variable cross-sectional structure were formed. The SMA was interlaced with weft yarns every  
20 mm. The face side of the developed functional reinforcing fabric is shown in Fig. 1.  
 

 
 

Fig. 1: Face side of the functionalized reinforcing fabrics with SMA. Pliable area is shown  
by green box. 

  
Impregnation. In a next process step, the functionalized reinforcing fabrics were infused by 

Seemann Corporation Resin Infusion Molding Process (SCRIMP). Prior to infusion the fabrics were 
prepared by isolating both SMA in their crossing point using heat shrinking tube as shown in Fig. 2. 
The free end of the SMA were fixed by screws to the functionalized reinforcing fabrics to prevent 
slippage of the SMA during thermal induced activation. After the infusion process, the sample were 
cured for 15 h in a laboratory oven at 50°C to guarantee a proper cross-linking reaction between resin 
and hardener. Later, the sample were cut using a laboratory wet saw in a size of 240 mm x 30 mm. 
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Fig. 2: Preparation of functionalized reinforcing fabrics before infusion. 
 

Characterization of adaptive FRP. An experimental setup for the characterization of adaptive 
FRP is shown in Fig. 3. A laser triangulator of type LJ-V7200 of (Keyence, America) was used for 
data collection during thermal induced activation of SMA. The laser triangulation system and the 
adaptive FRP to be measured were mounted on the test stand. A laboratory power supply unit of type 
HMP4040 (Rohde & Schwarz GmbH & Co. KG, Germany) realizes the current supply and is 
equipped with a current controlling system. Thereby, a constant heating (with current flow) and 
cooling cycle (no current flow) can be set. The surface temperature of adaptive FRP was recorded 
with an infrared camera of tape FLIR E95 24° (FLIR, Estonia). The frame rate of the IR camera 
during the test is 30 frames/s. 

 

 
 

Fig. 3: Test set-up for the characterization of adaptive FRP. 1…adaptive FRP, 2…laser triangulator, 
3…power supply unit, 4…infrared camera, 5…data processing. 

Results and Discussion 
The analysis of the dynamic characteristics of adaptive FRP was performed with variable actuator 

switching frequencies (≥ 1 Hz) or actuator activation times (≤ 1 s). Example deformation curves of 
adaptive FRP with activation times in the range 0.2 to 0.8 s at 4.5 V activation voltage are shown in 
Fig. 4 and the corresponding evaluation in Fig. 5. 
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Fig. 4: Deformation curves of adaptive FRP with variable activation time from 0.2 to 0.8 s at an 
activation and deactivation voltage of 4.5 V and 0 V, respectively. 

 

 
 

Fig. 5: Relationships between maximum deformation of adaptive FRP and the activation time. 
 
The results show an approximate proportionality between maximum deformation and activation 

time of adaptive FRP. Thus, the basic proof of adaptive FRP's suitability for use in fast application 
scenarios is given (≥ 1 Hz), in particular when only small deformations are required. In such 
applications, the thermal transient behavior should be taken into account, which is indicated in the 
investigations by a continuous drift of the mean deformation position. This phenomenon can be 
compensated by active control or sufficiently long run-in times.  
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Supplementary investigations to analyze the dynamic effects were carried out with the aim of 
quantifying the influence of activation voltage on achievable deformation paths in this type of fast 
setting process. For this purpose, the applied voltage was successively increased from 4.5 V to 6 V at 
an activation time of 1 s and the resulting deformation of adaptive FRP was recorded. The 
deformation curves are shown in Fig. 6. 

 

 
 

Fig. 6: Deformation curves of adaptive FRP with the activation time of 1 s at varying activation 
voltages from 4.5 V to 6 V. 

 
The corresponding processed information is shown in Fig. 7 and indicates a linear relationship 

between applied voltage and resulting deformation of adaptive FRP. 
 

 
 

Fig. 7: Relationship between voltage and deformation of adaptive FRP. 
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The relationship between applied voltage to SMA and resulting deformation of adaptive FRP 
shown in Fig. 7 is due to the increasing heat input at higher voltage (Joule heating), thus the stronger 
activation of the SMA. This phenomenon is also confirmed by the near-surface temperature 
measurements using a thermal imaging camera. The maximum voltage of 6 V considered here 
produces a temperature of 92°C, which is very close to the transition temperature range of the SMA 
(95-110°C) used. Thus, the possible maximum deformation for the developed structure with the 
activation time of 1 s is achieved.  

Summary 
     An actuator network of adaptive FRP was developed by realizing functionalized reinforcing 
fabrics with diagonal arrangements of two SMA by means of open reed weaving technology. The 
adaptive FRP were characterized considering their deformation behavior with variable actuator 
switching frequencies (≥ 1 Hz) or actuator activation times (≤ 1 s) for fast application scenarios. 
Results reveal an approximate proportionality between maximum deformation and activation time of 
adaptive FRP. Potential applications scenarios of the developed adaptive FRP are aerodynamic flaps 
or rudders, medical applications for humanoid kinematics, gripping and tensioning devices or sealing 
devices (targeted shut-off and control of fluids). 
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Abstract. Textile-based Radio Frequency Identification (RFID) tags are widely used in different 
applications such as sensing, localization, and identification applications. Embroidery is one of the 
methods in textile-based RFID tag production. The embroidered RFID tags are generally used in the 
follow-up of textile raw material production and inventory, and laundry of commercial textiles. They 
capture the transmitted electromagnetic wave and generate a new one with a special coding that 
includes the required information about the item. Therefore, the fabrication parameters of the 
embroidered antennas are important in terms of durability, cost, and working performance. The 
conductivity of an embroidered antenna depends on the conductivity of the thread, stitch density, 
thread tension, and sewing method of the embroidery. In this study, the effect of stitch density, thread 
tension, and using conductive yarn as needle (upper) or bobbin (lower) thread for embroidered RFID 
antennas were examined using a polyester yarn twisted with stainless steel that is plain stitched on 
cotton fabric. The read range performances of the samples were tested with an integrated circuit (IC) 
by using an indoor RFID reader. It was seen that the optimised stitch density has a significant impact 
while it was determining the amount of conductive element due to the length of the yarn. Additionally, 
using conductive yarn as lower thread gave nearly 50% better results in signal strengths. 

Introduction 
RFID tags are the tags that allow the identification of products over radio frequency (RF) and they 

have been used in the textile sector for following up the production, stock control, warehousing, 
distribution, logistics, tracking, and supply chain management. According to the 2018 report of 
IDTechEx, the apparel companies using RFID tags had many administrative and financial benefits 
such as preventing administrative errors, theft and shipment errors, having no more multi readings, 
determining product details, working in combination with barcode, having efficient and instant stock 
tracking, obtaining 2-20% increase in sales without the need to increase stock quantity, having a 
reduction in no-stock problems, getting 96% increase in employee productivity, and gaining more 
than 98% accuracy in inventory follow-up [1]. Textile is the biggest market in RFID technology by 
volume with 10 billion RFID labels out of 20 billion in total sold in 2019 globally which was only 
10% of the total textile market. According to 2029 forecasts, the number of sold RFID tags will 
continue to grow up to 102 billion units [2]. It was considered that half of the RFID tags sold in the 
textile market were having embroidered tag antennas. Thus, improving performances in RFID 
technology and decreasing tag prices are gaining importance.  
Embroidery as a tag antenna is preferred in some applications while it is a fast and flexible production 
method due to the computerized embroidery machines. Antenna patterns are easily designed and can 
be applied directly to textile products with compact and cost-effective embroidery machines. The size 
and performance of the tag antenna can be easily obtained by changing the count of the conductive 
yarn or the ratio of the conductive element. 
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The embroidered RFID tags are used in several areas like sport, leisure, military, industry, and 
healthcare [3]–[10]. For example, embroidered RFID tags having wireless sensors can be integrated 
into a specially designed garment for monitoring vital physiological values in healthcare to transmit 
the readings to a healthcare professional via a smart phone or an integrated GPS module. Thus, the 
patients can be followed and cared for at home for reducing costs. Consequently, there is considerable 
interest in the development of textile-based antenna systems, along with their associated feed 
networks. Various advantages for these systems include ease of fabrication, the ability to change the 
fabrication process easily, and conformal systems that give security or safety advantages where non-
conformal antennas may be damaged or cause damage. 

For textile-based embroidered RFID tag antennas, fabrication parameters of the embroidered 
antennas are the key points for improving its technology and working performance. The stitching 
density determines the length of the yarn and so the amount of conducting element used on the 
embroidery, shown in Fig.1a, which is related to the reflected signal strength from the tag antenna. 
Therefore, it has a significant effect on the reading range performance of a RFID tag [11]–[14]. 
Besides, thread tension has an effect on the length of the thread, and it is related to the amount of 
conductivity of the antenna. The ratio of the upper and lower thread tensions needs to be set perfectly 
to get the optimum machine tension. Optimum adjustment of both the upper and lower thread tensions 
provides the embroidery to have even looking on both sides of the fabric while having some effect 
on the length of the thread as can be seen in Fig. 1b. Moreover, the threads can break very often 
because of the friction between the upper and lower threads, unless their tensions are set properly 
[15]. Furthermore, the less conductive element the yarn on RFID tag antenna contains, the better it 
curves, but the antenna performance will be degraded. Therefore, by changing the conductive yarn 
from upper to lower thread on the machine, it is possible to get smooth curves for the conductive 
element to improve the performance of the antenna to decrease possible thread and needle breakings. 

              

Figure 1. Schematic drawing of stitch density (a) and thread tension (b) of an embroidered yarn. 
 
Literature survey shows that, most of the studies are related to examination of the stitch density effect 
and structure on improving the embroidered tag antenna performance [16]–[22]. However, thread 
tension and using conductive yarn as upper or lower thread are also important for antenna 
performance. In this study, we aimed to investigate the effect of thread tension and using conductive 
yarn as upper or lower thread along with stitch density in terms of gain and read range performances 
of the RFID tags. Although most of the studies were conducted with silver twisted or coated yarns, 
the tag antennas were obtained by embroidery using the stainless-steel twisted polyester yarn in this 
study. The reason for choosing stainless steel as a conductive element is that it does not corrode and 
therefore does not need extra protection coating after embroidery, which is important for minimizing 
the costs. 
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Materials and Methods 
Embroidery yarns having conductive elements are commonly used in the production of RFID tag 
antennas while they are flexible and can be easily integrated into the product.  Low dielectric constant 
of conductive materials reduces the power of surface waves and provides better frequency responses 
for the antennas. Several types of conductive yarns can be used as conductive materials in producing 
embroidered antennas as RFID tags. Synthetic fibers give better results in reflection of the 
electromagnetic waves than natural fibers due to their molecular structure and surface resistance. 
In this work, Coats Gral AST 105 Tex anti-static polyester yarn in combination with stainless steel, 
100% cotton fabric, and Pfaff Creative 1,5 computerized embroidery machine have been used in 
embroidered RFID tag antenna production. Read range tests were performed by using Impinj Monza 
4QT IC with 800-bit memory and Alien ALR-F800-EMA RFID reader for the indoor environment 
in the UHF band at 868 MHz operating frequency. The IC satisfies to the EPC global Class 1 Gen 2 
and ISO/IEC 18000-6C specifications. The outpower of the reader was 33 dBm during the read range 
and gain tests of the tags. 

 
Figure 2. RFID tag antenna design and geometrical parameters (60x18 mm) used for the samples 

with the numbers showing the dimensions in mm. 

Embroidered RFID tag antennas were produced in five different stitch densities as 2, 2.5, 3, 3.5, and 
4 mm stitch lengths with RFID antenna design as in Fig. 2, which was optimized in terms of gain. All 
the samples were tested by attaching the IC by using the RFID reader to find the optimum stitch 
density to get the best tag performance in terms of read range and gain. Fig. 3 shows the measurement 
setup of the sample tags. Then the same antenna design was applied with the optimum stitch density 
in six different thread tensions (2, 3, 4, 5, 6, and 7) by using the conductive yarn as upper and then 
lower thread at the machine to see the effect of thread tension and conductive yarn using method as 
upper or lower thread on the tag performance. The samples were tested again with IC by RFID reader 
and their maximum read ranges were measured 0.5-5 m away in 0,5 m steps in each measurement. 
The maximum read range is the signal receiving distance that the reader detects the first highest gain 
from the tag. Also, it is expressed as the maximum reading distance. 

 
Figure 3. Measurement set up. 
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The maximum theoretical reading distance (rmax) of the designed tag antenna was obtained with the 
maximum power transmission coefficient (τ=0.7), was calculated with Frii’s free-space equation Eq. 
1 by using the parameters of the reader, reader antenna and tag given in Table 1. The parameter rmax 
was found 27.3 m . 
 
𝑟𝑟max = (𝜆𝜆 / 4π) . (𝑃𝑃t . Gr . Gt . τ / Pth)1/2 [m].                   (1) 

 
Where Pt is the power transmitted by the reader, Gr denotes the gain of the receiving tag antenna, Gt 
stands for the gain of the reader antenna, Pth is used for minimum threshold power to power up the 
IC, and λ refers to wavelength. The employed wavelength is calculated as 
 

λ = C / f [m].             (2) 
 

Where C is the speed of light, 299,792,458 [m/s], and f is the frequency which was taken as  
865.6 [MHz]. 
 

Table 1. The technical parameters of the reader, reader antenna and tag. 

READER 
Type  Alien ALR F800 
Tx: Tranmitted Power (Pt) 30 [dBm] = 1 [Watt] 
Rx: Received Power  -84 [dBm] = 0.000025 [Watt] 

READER ANTENNA 
Type  Circular  
Gain (Gt) 9 [dBi] 

TAG 

Chip Type  4QT IC  
Tag Materials Steel/polyester yarn + cotton fabric  
Dimensions 60*18 [mm]  
Threshold Power (Pth) -17.4 [dBm] = 0.000018 [Watt] 
Gain (Gr) 2.8 [dBi] 

 
The strength of an RF field decreases when the distance between the tag and reader antenna increases. 
Actual reading distance is not determined by the communication ability of the tag, but also the 
location and the materials, which are flexible and porous textiles, used in the antenna are significant 
effects. 

Results and Discussion 
When the embroidered tag antenna samples with five different stitch densities were tested by 
attaching an IC using the RFID reader, the best tag performance in maximum read range was obtained 
for the sample with 2,5 mm stitch length. Then the embroidered tag antennas with 2,5 mm stitch 
length were produced by adjusting the thread tension in six different values on the machine (2, 3, 4, 
5, 6, and 7) by using the conductive yarn as upper and then lower thread on the machine.  
When the test results were evaluated, it was seen that the samples with the conductive yarn as lower 
thread had more than 50 percent better results than the samples with the conductive yarn as upper 
thread. It is considered that using the conductive yarn in the bobbin as a lower thread allows the thread 
to be less bended during the needle movement up and down, decreases the resistance on the 
conductive thread, and improves the quality of reflected signal [23], [24]. The test results of the 
samples with conductive yarn as lower thread can be seen in Fig. 4.  
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The measurements were applied for 5 m distance in 0,5 m steps from the reader. The gains were noted 
as received signal strength indicator (RSSI) in dBm from the computer connected to the reader. After 
reaching the maximum static gain at its maximum read distance, the RSSI values of the tags began to 
fluctuate because of the interference caused by the other tags around as seen in Fig. 4. This is regulated 
with a computer program in daily use.  

 
Figure 4. Received signal strength indicator (RSSI) vs. reading distance for the embroidered tag 

antennas with conductive yarn as lower thread. 
When the gain values were considered, it was found that the maximum static gain has been obtained 
with the tension 4 on the machine for this yarn count as -76 RSSI, which had also the highest reading 
range. Read ranges of the samples with thread tensions 2 and 3 were 2,5 m, with thread tension 4 was 
3 m, with thread tensions 5 and 6 were 2,5 m, and with thread tension 7 was 2 m. The calculated 
theoretical read range was 27.3 m. The reasons for the differences between the measured and 
calculated read ranges are listed below: 

1. The sensitivity (Threshold Power) of the used IC may not be high, 
2. A loss due to mutual coupling mismatch between RFID chip and antenna may exist (there can 

be no physical connection between them), 
3. There may be a loss due to the used material type and dielectric substrate. 

Furthermore, threads get flattened due to the tension on the yarns during the embroidery process. 
Then, the cylindrical shape of the threads becomes flattened and elliptical, and their widths increase. 
The increased surface area of the conductive yarn, as shown in Fig. 5b,  improves the strength of the 
reflected RF signal [25], and accordingly the maximum read range increases. However, exceeding 
the optimum thread tension reduces the surface area of the yarn due to stretching as in Fig. 5c and so 
does the signal strength. 
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Figure 5. Schematic drawing of the cross-sectional view of the yarns with no tension (a), optimum 

tension (b), and maximum tension (c).  

The optimum thread tension may change due to the yarn count, embroidery machine type, and needle 
diameter. For example, the optimum thread tension was set 3 on the Brother embroidery machine in 
a study, which was applied with silver coated conductive yarn [15].  

Conclusion 
The stitch density and the conductive yarn usage as upper or lower thread have a significant impact 
on the performance of the maximum reading range for the embroidered RFID tags while the thread 
tension has relatively less impact than the two others. 
The optimum stitch density was obtained with 2,5 mm stitch length for the yarn used. The stitch 
density in an embroidered antenna determines the length of the yarn on the antenna and so the amount 
of conducting elements. However, exceeding the optimum level of the conductive yarn amount, a tag 
performance degradation will occur due to the surface roughness of the embroidery. 
The samples with conductive yarn as lower thread had better read ranges and gain values than the 
samples with conductive yarn as upper thread at the embroidery machine. This is because the lower 
thread in an embroidery machine bends less and is subjected to less friction than the upper thread. So, 
these affect the strength of the received signal from the embroidered tag antenna and improve the 
maximum read range. 
Maximum static gain (RSSI) of -76 dBm has been obtained with yarn tension 4 on the machine at a 
reading distance of 3 m. It is known that a typical tag’s RSSI value can range from -30 to -85 dBm 
and the obtained gain values were ranging from -33 to -76 dBm, so it can be concluded that the tension 
of the yarn has no significant effect on the signal reflecting the performance of the tag antenna. 
However, it is important for the proper view of the stitches and also for the washing performance and 
strength of the embroidery. 
Further studies will be performed to analyse the effects of the antenna design, conductive yarn count 
and tag fabric type. 
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Abstract. Nowadays, building insulation must be more and more effective to avoid energy loss. This 
can result in the lack of ventilation which can cause an increase in the concentration of pollutants in 
the indoor air, such as Volatile Organic Compounds (VOCs) which are harmful to human health. 
Different approaches have been proposed to reduce this problem such as ventilation, filtration, 
depolluting plants, etc. The aim of this study consists of developing functionalized textile substrate 
allowing the VOCs degradation, ideally into H2O and CO2, by the photocatalytic effect under visible 
light. It is necessary to have photocatalytic activity under visible light for indoor applications as the 
UV light is filtered by window glasses. To achieve this objective, firstly the samples of woven cotton 
fabrics are functionalized with the dispersion of silver doped/non-doped TiO2 in Carboxymethyl 
Cellulose (CMC) and water by padding process. After that, the treatment sustainability of the 
functionalized fabric is determined. 

Introduction 
Indoor spaces are exposed to many types of pollutants, both chemical (formaldehyde, benzene...) and 
biological (mould, bacteria...) mainly emitted from house aerosols. The desire to prevent energy loss 
by insulating more effectively buildings increases these pollutants' concentration. Many research 
confirms that indoor air is often more dangerous than outdoor air due to pollution. Many of these 
materials are referred to as volatile organic compounds (VOCs), which are abundant, toxic, and 
hazardous. They originate from different sources; namely, building products (room furnishings, 
paints, glues, varnishes etc.) and occupant activities. Other air pollutants such as ozone or nitrogen 
dioxide are mainly generated in outdoor air and are brought indoors via ventilation. Other sources of 
indoor pollutants include both gaseous and surface chemical reactions that involve oxidants like 
ozone [1,2].  
Indoor air treatment is a complex phenomenon because of the wide variety of potential pollutants and 
the low level of pollutant concentration. In addition to these, the airflow to treat these VOCs remains 
modest. The difficulty with this type of treatment is to find an efficient process with low-level 
selectivity and low cost (investment, energy, and maintenance). Photocatalysis presents a real 
advantage for indoor air applications as it can treat low concentrations and flow rates [3]. The 
semiconductor photocatalysis, which is a green technology, has been widely applied in removing the 
organic pollutants from air [4]. Semiconductor photocatalyst generates electron / hole (e- / h+) pair 
during irradiation of light energy that could be used for initiating oxidation and reduction reactions, 
respectively. The titanium dioxide (TiO2) is a semiconductor photocatalyst which can be presented 
as an effectual, easily available, relatively inexpensive, and chemically stable one. It exhibits three 
polymorphs, i.e., anatase (tetragonal), rutile (tetragonal), brookite (orthorhombic), at atmospheric 
pressure. While rutile is stable at all temperatures, anatase and brookite are metastable. However, the 
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anatase is the more photocatalytic active phase of TiO2 compared to rutile. In general, TiO2 has two 
major inconvenient. Firstly, it can be only triggered by near UV radiation because of its wide band 
gap (3.2 eV for the anatase phase, 3.0 eV for the rutile phase) and that encompass only about 4 –5% 
of natural solar radiation. Secondly, the photogenerated electron / hole pairs are liable to 
recombination, leading to low quantum yields [5 - 7]. To eliminate these disadvantages, its band gap 
can be reduced using various dopants (nitrogen, silver, vanadium, carbon…) and it can have a 
photocatalytic activity under visible light [8 - 10]. In this context, it is suggested to develop textiles 
that can narrow the amount of these pollutants, to improve indoor air quality (IAQ). 

The aim of this study is to develop a functionalized textile substrate with a hybrid photocatalytic 
material based on Ag doped and non-doped titanium dioxide (TiO2) and Carboxymethyl Cellulose 
(CMC), and water (H2O) to photodegrade VOCs under UV and/or visible light radiation. A cotton 
(CO) woven fabric was preferred as a textile substrate for indoor applications. In addition to TiO2, 
Carboxymethyl Cellulose (CMC) was preferred as the incorporation vector between textile substrate 
and TiO2 to increase the binding effect of TiO2 by encapsulating them into the porous structure of it. 
The functionalized samples were characterized with different methods (Scanning Electron 
Microscope (SEM) - Energy Dispersive X-ray (EDX) and Thermogravimetric Analysis (TGA)). 

One of the most important aspects to consider when studying these textile structures is durability of 
their treatment. Although it would be difficult to study it due to the difficulties associated with 
studying damaging mechanisms. 

A textile surface undergoes a variety of stresses during its lifetime. Through these stresses, fabric 
surfaces become progressively damaged. That's why they must withstand the user's demands 
throughout their lifetime. There are many types of stresses: traction, shearing, tearing, and 
maintenance, like washing or drying. Also, they encounter offensives from the environment, such as 
UV light, chemical compounds, temperature, or humidity. Fabric abrasion and washing are therefore 
important wear factors. As a result of repeated friction between two fabrics, abrasion wear occurs. As 
a result, their surface characteristics will change and sometimes they may rupture. In this study, 
functionalized cotton plain weave samples were going through 1 and 3 washing cycles and after each 
cycle they are characterized again by TGA and SEM - EDX to analyze their treatment sustainability. 

Materials And Methods 
100% woven cotton fabric (plain weave) was provided from Subrenat (France). Commercial TiO2 
P25® was bought from Evonik (Germany) as a photocatalytic material and it was doped with silver 
(TiO2-Ag) at Materia Nova (Belgium) by using physical vapor deposition (PVD) to extend its 
photocatalytic activity to the visible light domain. Carboxymethyl Cellulose (CMC) was purchased 
from C. E. Roeper GmbH (Germany) and used as a vector between the cotton substrate and TiO2.   

Preparation of doped TiO2. TiO2 P25® was doped with silver doping agent. The magnetron 
sputtering method (R2QU14XGX, Kurt J. Lesker Compant Ltd., UK) was used to produce the doped 
samples. The powder of TiO2 P25® was used as the substrate for sputtering deposition and the 
materials for the sputtering targets was Ag. The sample was named Ag-doped TiO2 P25®. 

Preparation of TiO2 Suspension. Different dispersion of 1, 2, and 3 g of TiO2 P25® and Ag-doped 
TiO2 P25® in 40 g water and 1, 2, and 3 g of TiO2 P25® and Ag-doped TiO2 P25® in 10 g of ethanol 
with 30 g of water and 0.5% in weight of CMC were prepared by using a high-shear disperser (Ultra-
Turrax, IKA) with a speed of 7000 rpm during 15 minutes at room temperature. Afterward the 
suspensions were dispersed in an ultra-sonication bath (BANDELIN, Germany) for 15 minutes at 
room temperature.  
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Padding Process. The cotton fabrics were treated with prepared suspensions by using padding 
process with the applied pressure of 1.8 bar and the roller speed of 7 rpm. After the padding process, 
the samples were dried and cured at 120 °C and at 150 °C for 1 minute, respectively.  

Washing Test. After preparing the samples, to determine the sustainability of the treatment, each 
sample was washed by a composition of the ECE detergent (5 g/l) in Eco Dyer Rapid (2010 ECO-
18/ECO-24, Gate AG Vaduz) following the ISO105-C01:1989 (F) standard, with a short synthetic 
program of 40 °C, for 30 minutes, with a rotation speed of 25 rpm. Afterward samples were dried in 
an oven at 70 °C for 10 minutes. All prepared samples were characterized by SEM - EDX and TGA 
before washing and after 1st and 3rd washing cycles. 

Characterizations. Samples were characterized separately by using TGA 4000 thermogravimetric 
analyzer (Perkin Elmer, USA) in the temperature range of 30-900°C. Non-treated and functionalized 
cotton samples before and after washing cycles were characterized with same analyzer in the 
temperature range of 30-700 °C. The heating rate was maintained at 10 °C.min-1. The measurements 
were made under a constant air flow rate of 20 mL.min-1. The experimental data was collected and 
analyzed using the Perkin Elmer Pyris Manager software. Each sample was characterized three times 
to confirm the repeatability of the measurement and homogeneity of the treatments. To observe the 
TiO2 particles and their dispersion on the fabric surface, a Scanning Electron Microscope (Phenom 
ProX, Thermo Fischer Scientific) was used. The identification of different chemical elements in the 
samples was accomplished with the Element Identification (EID) software package and a specially 
designed and fully integrated Energy Dispersive Spectrometer (EDS). 

Results and Discussion 
The weight loss of functionalized samples (%) at 700 °C regarding to non-functionalized sample from 
TGA analysis are listed in Table.1 in below. 

Table 1. Weight loss of functionalized samples compared to non-functionalized samples – TGA 
analysis 

Sample Weight loss (%) 

TiO2 P25 / Water 2.44 ± 0.57 % 
TiO2 P25 / CMC 3.15 ± 0.01 % 
TiO2- Ag / Water 3.95 ± 0.28 % 
TiO2- Ag / CMC 4.81 ± 0.92 % 

The thermogravimetric analysis showed that the degradation of fabrics started at around 340 °C and 
reached a maximum rate around 600 °C. From 580 °C onwards, the results show that the weight of 
residue for treated samples was higher comparing to non-treated samples at 700 °C. As it was 
presented in our previous study, the binder vector was fully degraded at 600 °C while TiO2 P25® 

remained stable at this temperature. Thus, the weight loss percentages presented in Table.1 represent 
the quantity of TiO2 on fabric surface [11]. 

The results can confirm the presence of TiO2 P25® and Ag-doped TiO2 P25® on the surface of the 
cotton fabrics. The most amount of it, is related to the sample factionalized by silver doped TiO2 P25® 

with CMC. 
The Scanning Electron Microscopy coupled with Energy Dispersive X-ray spectroscopy images of 
the samples are shown in Figure.1 with the EDX results listed in the table under each photo. 
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Fig 1. The SEM - EDX analysis results of functionalized samples and non-functionalized samples 

The white part of the SEM photos is related to the presence of TiO2 P25® and Ag-doped TiO2 P25® 
on the surface of the fabric and show us their homogeneity on the textile. On the table below each 
image, we can see the amount of Ti. These results prove the presence of catalyzer on the fabric.  
The SEM - EDX results of the treated cotton sample by 1 g TiO2-Ag/CMC before washing and after 
1st and 3rd washing cycles are presented as an instance in Figure 2. 

 
Fig 2. The SEM - EDX analysis results of (a) before washing (b) after 1st and (c) 3rd washing 

cycles 
 

The loss amount of the treatment after 1st and 3rd washing cycles from TGA and SEM - EDX 
characterization results are calculated and demonstrated in Figure 3.  
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Fig 3. TGA and SEM - EDX results of treated samples after (a) 1st (b) 3rd washing cycles 
 

The results of TGA and SEM - EDX characterizations of the samples after 1st and 3rd washing cycles 
confirm the presence and durability of the TiO2 treatment even after 3 washing cycle. It is also 
concluded that the greater the amount of TiO2 (3 g) is the less loss happens. 

Conclusion 
During this study, the TiO2 P25® was doped with Ag to obtain a photocatalytic activity under visible 
light and CMC was used as the incorporation vector to increase the binding effect of TiO2 by 
encapsulating them into its porous structure. A cotton fabric was functionalized with different amount 
of Ag doped/non-doped TiO2 in water or CMC dispersion. The first results showed the feasibility of 
the process and the presence and satisfied durability of TiO2 on the textile substrate after several 
washing cycles. The results of TGA and SEM - EDX characterization of the samples after 1 and 3 
washing cycles confirm the persistence of the treatment (TiO2) even after 3 washing cycles. It is also 
concluded that the greater the amount of TiO2 (3 g) is the less loss happens. The efficiency of 
photocatalytic activity will be analyzed by using a measuring unit, which is developed in JUNIA – 
HEI during this study. 

Acknowledgment 
This study is realized thanks to the Interreg V France-Wallonie-Vlaanderen program (TEXACOV 
Project of Portfolio GoToS3). Thus, the authors gratefully acknowledge the European Regional 
Development Fund (ERDF), the Walloon Region and West Vlaanderen Provincie for their financial 
support. 

References 

[1] T. Brown, C. Dassonville, M. Derbez, O. Ramalho, S. Kirchner, D. Crump and C. Mandin, 
“Relationships between socioeconomic and lifestyle factors and indoor air quality in French 
dwellings”, Environmental Research, vol. 140, 2015, pp 385–396. 

[2] S. Langer, O. Ramalho, M. Derbez, J. Riberon, S. Kirchner and C. Mandin, “Indoor environmental 
quality in French dwellings and building characteristics”, Atmospheric Environment, vol. 128, 2016, 
pp 82–91. 

[3] J. M. Tatibouet, Plasma non thermique et traitement de l’air, Les composés organiques volatiles 
dans l'environnement ed Tec & Doc Lavoisier (Ecole des Mines de Nantes), 1998, pp 41–44. 

Solid State Phenomena Vol. 333 67



 

[4] Ş. Ş. Türkyılmaz, N. Güy, M. Özacar, “Photocatalytic efficiencies of Ni, Mn, Fe and Ag doped 
ZnO nanostructures synthesized by hydrothermal method: The synergistic/antagonistic effect 
between ZnO and metals”, Journal of Photochemistry and Photobiology A: Chemistry, vol. 341, 
2017, pp 39–50.  

[5] M. Vittoria Dozzi, E. Selli, “Doping TiO2 with p-block elements: Effects on photocatalytic 
activity”, Journal of Photochemistry and Photobiology C: Photochemistry Reviews, vol. 14, 2013, pp 
13– 28. 

[6] A. Valentine Rupa, D. Manikandan, D. Divakar, T. Sivakumar, « Effect of deposition of Ag on 
TiO2 nanoparticles on the photodegradation of Reactive Yellow-17”, Journal of Hazardous Materials, 
vol. 147, 2007, pp 906–913. 

[7] A. Barmeh, M. R. Nilforoushan, S. Otroj, “Wetting and photocatalytic properties of Ni-doped 
TiO2 coating on glazed ceramic tiles under visible light”, Thin Solid Films, vol. 666, 2018, pp 137–
142. 

[8] P. Donga, F. Yangc, X. Chenga, Z. Huanga, X. Niea, Y. Xiaob, X. Zhang, “Plasmon enhanced 
photocatalytic and antimicrobial activities of Ag-TiO2 nanocomposites under visible light irradiation 
prepared by DBD cold plasma treatment”, Materials Science & Engineering C, vol. 96, 2019, pp 197–
204. 

[9] A. Javida, M. Kumara, M. Ashraf, J. H. Leed, J. G. Han, “Photocatalytic antibacterial study of N-
doped TiO2 thin films synthesized by ICP assisted plasma sputtering method”, Physica E: Low-
dimensional Systems and Nanostructures, vol. 106, 2019, pp 187–193.  

[10] G. Rossia, L. Pasquinia, D. Catoneb, A. Piccionia, N. Patellia, A. Paladinic, A. Molinarid, S. 
Caramorid, P. O’Keeffec, F. Boscherini “Charge carrier dynamics and visible light photocatalysis in 
vanadium-doped TiO2 nanoparticles”, Applied Catalysis B: Environmental, vol. 237, 2018, pp 603–
612. 

[11] H. Gidik, S. Almuhamed, D. Dupont, L. Derue, W. Thielemans, G. Kignelman, D. Lahem, 
Volatile Organic Compounds (VOCs) Treatment by a Functionalized Textile, Journal of Fashion 
Technology and Textile Engineering, 2018, S5:002. 

68 Textile Materials



All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (·3045, Universidade do Minho, Guimarães, Portugal-13/06/22,11:18:07)

Heating Filament with Self-Regulation Temperature by Coating a 
Metallic Yarn with a Conductive Polymer Composite 

Louis Marischal1,a, Aurélie Cayla1,b*, Guillaume Lemort1,c, Valentin Laurent1,d, 
Christine Campagne1,e and Eric Devaux1,f 

1ENSAIT, GEMTEX – Laboratoire de Génie et Matériaux Textiles, 2 Allée Louise et Victor 
Champier, 59056 Roubaix Cedex 1, F-59000 Lille, France 

alouis.marischal@ensait.fr,  b*aurelie.cayla@ensait.fr, cguillaume.lemort@ensait.fr 
dvalentin.laurent@ensait.fr, echristine.campagne@ensait.fr, feric.devaux@ensait.fr 

Keywords: Smart textile, Heating filament, Self-regulating temperature, melt coating, conductive 
polymer composite, carbon nanotubes 

Abstract. Nowadays, the heating textiles are used in many fields of applications as medicine or 
comfort. The heating property for the most part of these textiles was ensured by electrical conductive 
fiber as metallic yarn thanks to Joule Effect. A challenge for heating textile is to have an electrical 
conductive fiber which has a temperature self-regulation at the comfort temperature. Thanks to this 
temperature self-regulation, the heating textile reaches more autonomy. To develop this kind of 
textile, conductive polymer composite (CPC), which is the combination between an insulating 
polymer and electrical conductivity nanofillers [1], is made by melt spinning. The temperature self-
regulation is provided by the positive temperature coefficient (PTC) effect, which allows switching 
between an electrical conductivity state and an insulating state when the CPC is close to a transition 
phase temperature (glass transition temperature or melt temperature). However, when the PTC effect 
can take place at the melting point, the mechanical properties are not involved. So to maintain the 
final product an immiscible polymer blend was used: one polymer was the CPC and the second 
polymer was an insulating polymer with a higher melting point than the target temperature. In fact, 
the CPC involve the electrical conductivity and the PTC effect, whereas the insulating polymer 
involves the mechanical properties. However, a high electrical conductivity is necessary to reach the 
comfort temperature (defined around 42°) by Joule Effect. So to reach this temperature, the coating 
on a metallic yarn by the conductive immiscible polymer blend was used. The electrical conductivity 
of this product was improved by the metallic yarn and the self-regulating temperature by the PTC 
effect of the immiscible polymer blend (figure 1). In this paper the immiscible polymer blend used is 
a polycaprolactone (PCL) filled with multiwall carbon nanotubes (MWCNT) and a polypropylene 
(PP). In fact, in a previous paper the co-continuity and the selective localisation of the fillers in the 
PCL for this blend was studied [2].  The influence of the thickness CPC coating and the influence of 
the structure of metallic yarn were studied on the electrical conductivity, the Joule Effect and PTC 
effect.  

Introduction 
Heating textiles allow to protect against cold, to cure the pain by the action of the heat and so there 
are used in many applications as medical, sport, and comfort. Heat input by textiles are majority 
ensure by metallic yarn, which only heat by joule effect[3–6]. To regular the temperature, electronic 
components were added. These components have as consequences an increase in price and a loss of 
textile properties: flexibility, hand feel and especially washability. In order to reduce these 
disadvantages, researches have been looking into the development of heating textile with self-
regulating temperature.  
One solution to is the utilization of coated metallic yarn by Conductive Polymer Composite (CPC), 
which was a blend composed of an insulating polymer containing electrically conductive fillers 
[7,8].The heating power was provided by the joule effect of the metallic yarn, which was a high 
electrical conductivity [3–6]. Indeed, the electrical current is passed thought the CPC, thanks to the 
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electrical conductivity, to reach the metallic yarn.  Then, the self-regulating temperature is ensured 
by  several phenomena associated to the CPC  as the positive temperature coefficient (PTC) and the 
negative temperature coefficient (NTC) [[7,9,10]]. Thanks to these phenomena, it is possible to switch 
between an electrically conductivity state and an insulating state when the CPC is close to a transition 
phase temperature (glass or melting temperature).  A lot of authors have already studied electrical 
conductivity of CPC. In these studies, several key factors were found out in order to have electrical 
conductivity : percolation threshold, which were the minimal content filler allowing the electrical 
conductivity [11], kind of fillers [8,12–17], the dispersion of fillers, their alignment or process 
parameters [[6,18–22][6,22]. However, these key factors involved an influence of the PTC effect. 
Indeed, several studies were made in order to understand the influence of fillers on the PTC effect. 
The main parameters were the specific area [9], the filler content [23–25],the filler synergy [26], and 
polymers. Indeed, the PTC effect takes place close to the transition phase temperature (glass 
temperature or melt temperature) [10].  That is more, this PTC effect depends also on the polymer 
reticulation [27] and the crystallinity rate [28].In the literature, Chatterjee et al. [29] have done a 
review of studies in the CPC coating  in order to explain different methods of coating  and by several 
electrical fillers for several electrical applications  in strain and pressure sensor. They had also found 
some technical limits which modified electrical, mechanical properties. These limits were the lack of 
uniformity in coating thickness, filler migration, some coating crack during the processing. They have 
put forward that it was necessary to find a good compatibility with each component (yarn and the 
CPC) in order to have the best product. Sup Shim et al.[30]  have demonstrated that the coating by a 
CPC for the electrical textile is important. Indeed, they have succeeded to obtain a coated cotton by 
a CPC based on carbon nanotubes (CNT) with an high electrical conductivity of  25 Ω/cm.  
Several kinds of coating (not only melt process) have been used in literature. Ye et al. [31] have 
studied the coating on a metallic yarn, Nickel wire, by steaming carbon nanotubes (CNT) and acid 
vapor.  In their paper, they have noted that the Nickel transported the energy, due to their high 
electrical conductivity, while the CPC stored charge.  Shimizy et al.[32]  have studied, by an 
atmospheric pressure micro plasma, the  coating of tungsten by carbon nanotube. However, in the 
literature, there were few studies on the metallic yarn coating by a CPC via melt spinning process and 
their influence key factors. For example, the CPC formulation and the process parameter have an 
influence on the properties of the final product. The metallic yarns have also an important influence 
on the electrical properties like the electrical conductivity and the Joule effect.  
The aim of our study is to combinate a CPC (for the PTC effect and the electrical conductivity), and 
metallic yarn (for the heating power) produced by melt spinning coating. Thanks to a previous study 
[33], a blend was found out. It is a compound of 50 wt. % of polypropylene (PP) and 50 wt. % of 
polycaprolactone (PCL) filled with 4 wt. % of MWCNT, noted: PP/PCLMWCNT. The coating of the 
metallic yarn by the PP/PCLMWCNT is examined and, more especially in this study, the influence of 
the metallic yarn is studied. To understand the influence of the metallic yarn, influence of the spin 
finish oil and linear density of the metallic yarn is evaluated. Finally, the structure of the metallic yarn 
between a multifilaments or a spun yarn was studied. In these three cases, the measurement of the 
electrical conductivity, the measurement of the joule effect and the measurement of the PTC effect 
was occurring in order to understand each behavior.  

1.  Materials and Methods 
1.1.  Materials 
The immiscible polymer blend used, which was determined by a previous study [2], is a blend of  
50 wt.% of the conductive polymer composite (CPC) and 50 wt.% of insulating polymer.  The CPC 
is a polycaprolactone (PCL) filled with 4 wt.% of multiwalled carbon nanotubes (MWCNT). The 
PCL, which have a melting point at 60°C, was produced by Perstorp. The MWCNT have an average 
of length of 1.5 μm, a diameter if 10 nm and a specific area of 250m²/g. This MWCNT was supplied 
by Nanocyl. The insulating polymer is the polypropylene (PP) produced by TOTAL with a melting 
temperature of 165°C. 
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Different metallic yarns, which are composed of stainless steel 316L, were used in order to understand 
the influence of the metallic yarn. One yarn produced by Bekinox, which used spin finish oil during 
this process: A multifilament (MF) of 505 Tex, which was an assembly of two multifilaments of 275 
filaments each with a diameter of each filament of 12 μm. Three metallic yarns supplied by Imattec, 
which used also spin finish oil but after the process the spin finish oil was removed : a multifilament 
(MF) of 505 Tex, which was an assembly of two multifilaments of 275 filaments each with a diameter 
of each filament of 12μm, a multifilament (MF) of 190 Tex, which was an assembly of two 
multifilaments of 100 filaments each with a diameter of each filament of 12 μm and a spun yarn (SY) 
of 11/2 Nm (equivalent at 190 Tex). Table 1 summarizes the different kinds of metallic yarns. 
  

Table 1: Summary of metallic yarns 
 

Supplier Structure Spin 
finish oil 

Linear 
density 
(Tex) 

Number of 
filaments 

Diameter of 
one filament 

(μm) 

Bekinox Multifilament With 505 2 x 275 12 

Imattec Multifilament Without 505 2 x 275 12 

Imattec Multifilament Without 190 2 x 100 12 

Imattec Spun yarn Without 190  12 

1.2.  Samples preparation 
The first compound prepared allows to incorporate and to disperse 4 wt.% of MWCNT in the PCL 
(PCLMWCNT) thanks to a co-rotating intermeshing twin-screw extruder from Thermo-Haake PTW 
16/25. Then a second extrusion allows to obtain the PP/ PCLMWCNT coating to be directly deposited 
around the metallic yarn with a speed of 100 m/min. The coated yarn was illustrated by the Figure 1. 
Before the process, polymers were dried at 45°C during 12 hours. All coated yarn obtained by this 
process was shown by the Table 1. 
 

 
Figure 1: Cross section of coated metallic yarn (in core) by CPC : PP/ PCLMWCNT 
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Table 2: Summary of coated yarn by the PP/ PCLMWCNT 
Metallic yarn 

Structure Spin 
finish oil 

Linear 
density 
(Tex) 

Diameter 
of the 

stainless 
steel (mm) 

Global 
diameter of the 

coated yarn 
(mm) 

Multifilament 
 

With 505 0.29 0.87  

Without 
 

505 0.29 
0.90 

0.48 

190 0.18 

0.34 

0.43 

0.48 

0.56 

Spun yarn Without 190 0.18 

0.38 

0.45 

0.58 

1.3.  Methods of characterisation 
1.3.1.  Electrical conductivity measurement 
The electrical measurement was performed by a Keithley 2461 sourcemeter which applied a DC 
voltage, from -0.5 V to 15 V with an automatic increment of 0.5 V, and measure the current intensity 
at each point. Each coated yarn was tested about 5 samples between two points spaced by 1 cm. 
Thanks to the current intensity and the voltage, the electrical conductivity was calculated with the 
equation (1): 
 

σ=
L

R*S
  (Equation 1) 

 
Where σ (S/m) is the electrical conductivity, R (Ω) is the resistance, L (m) is the distance between 
the two electrodes, and S (m²) is the cross-section area. 
1.3.2.  Joule effect measurement 
The Keithley 2461 sourcemeter and a thermal camera were used to measure the Joule effect for each 
coated yarn, which were measured at minimum 5 times. The sample was connected by two clamps, 
spaced by 1 cm, at the Keithley and maintained at 5 cm above the ground. The thermal camera was 
connected to the FLIR software and placed at a height of 5 cm above the sample and measure the 
temperature of the centre’s sample at any time. During the experiment, the source-meter delivers at 
20 V for 300 sec. 
1.3.3.  CTP effect measurement 
A climatic chamber and a Keithley 3701A were used to measure the CTP effect and at least 5 samples 
were tested by coated yarn. The climatic chamber, with constant relativity humidity at 65 %, had a 
temperature programme which can be divided into two parts. At first, the temperature increases from 
20 °C to 80 °C with an automatic increment of 4°C and a stabilisation time of 2 min by step. Then 
the temperature decreases from 80 °C to 20 °C with an automatic decrement of 4 °C and a stabilisation 
time of 2 min by step. The Keithley 3701A measure the resistance (Ω) of the sample during the whole 

72 Textile Materials



experiment. For one sample, 5 temperature cycles were made. Thanks to the resistivity of the sample, 
the electrical resistivity and the electrical conductivity were calculated. Then the sensibility of the 
sample was calculated with the equation (2): 

S=
σt-σo

σo
 (Equation 2) 

  Where S the sensibility of the electrical conductivity, σt (S/m) is the electrical conductivity at any 
time and σo (S/m) is the electrical conductivity at the beginning (t= 0 second). 
  
  During this experiment, the sensibility of the sample allows to determine the amplitude of the PTC 
effect, so when the electrical conductivity sharply decrease at transition phase temperature. This PTC 
effect amplitude APTC is described by the equation (3). 
 

APTC=min(sensibility S) 
 (Equation 3) 

2.  Results and discussions 
2.1.  Influence of the multifilament’s spin finish oil 
In this paper, the influence of the spin finish oil, which was the combination between water and 
surfactant, was studied. Two stainless multifilaments were tested (number 1 and 2) with only 
difference is: one has the spin finish oil; the other had undergone a post-processing to remove the 
spin finish oil.  After the processing of metallic yarns coating, with the same processing parameters, 
each sample was tested. The electrical conductivity of these experiments is illustrated by the Table 2 
and no variation of electrical conductivity is reported.  
Table 1: Electrical conductivity of the coated yarn according to the presence of spin finish oil 

 With  
Spin finish oil 

Without spin 
finish oil 

Electrical conductivity 
(log[S/m]) 1.28 ± 0.19 1.30 ± 0.09 

Measurements of the Joule effect of this coated metallic yarns were made on these samples and these 
results were illustrated by the Figure 2. The metallic yarn without spin finish oil has involved a Joule 
effect more important than the metallic yarn with spin finish oil. This difference of Joule effect was 
explained by the spin finish oil by two hypothesises. The first hypothesis was the spin finish oil had 
reduced contact point between the stainless and the CPC. In fact, a modification of surface energy of 
metallic yarn modifies the interface quality. The CPC had not enough electrical conductivity to 
produce the joule Effect. Otherwise, the electrical conductivity of the metallic yarn, with a low 
intensity, produces the joule effect. If there were low contacts point, the metallic yarn did not produce 
Joule effect.  The second hypothesis was the spin finish oil had a high thermal conductivity and so 
involving a high thermal dissipation. However, this hypothesis required further study in order to 
measure the thermal conductivity of the spin finish oil. 
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Figure 2: Evolution of temperature of the coated metallic yarn with or without spin finish oil 

according to the time (Joule effect) 
  
  The last experiment made, to understand the influence of the spin finish oil, is the measurement of 
the PTC effect. Then measurements of the PTC effect are carried out and these results, on the second 
temperature cycle in order to obtain the stability of the sample, is illustrated in Figure 3 and the 
amplitude values of the PTC effect for each sample are summarized in Table 3. 

  
Figure 3: The sensibility of the second temperature cycle according to the temperature of the 

metallic yarn with or without spin finish oil. 
Table 2: The amplitude of the PTC effect of the second temperature cycle according to the 

presence of spin finish oil on the metallic yarn 

 With  
Spin finish oil 

Without Spin 
finish oil 

Amplitude of the 
PTC effect -0.1916 -0.11 

 

Figure 3 and Table 3 allow to note that the spin finish oil had an influence on the PTC effect. The 
amplitude of the PTC effect (APTC) is higher with spin finish oil than without spin finish oil.  That is 
more; the temperature of the PTC effect is lower with spin finish oil than without spin finish oil.  To 
explain this phenomenon a hypothesis are made and it was when the temperature was increased, the 
spin finish oil was dissipated under the action of heat and so the CPC had more space for the 
macromolecular reorganisation. Otherwise, thanks to several studies [[28,34]] , the PTC effect as 
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dependent on the thermal expansion of the CPC. The dissipation of the spin finish oil, increase the 
PTC effect.  
To conclude, the spin finish oil had an important influence in the development for a heating textile 
with a self-regulating temperature. As presented, to develop this kind of textile, it was better to use a 
metallic yarn with no spin finish oil. In fact, without spin finish oil; there was an important Joule 
effect despite low PTC effect amplitude.  
2.2.  Influence of initial multifilament’s linear density 
The linear density of the metallic yarn had also studied thanks to two metallic yarn (stainless 
multifilament without spin finish oil) but with a linear density and diameter differences. : 505 Tex 
and a diameter of 0.29 mm and 190 Tex with a diameter of 0.18 mm, both produced by Imattec. 
During the manufacturing, and in order to compare these yarns, the electrical properties were 
compared according to the ratio of CPC (RCPC) in the global diameter, calculated with the equation 
(4) : 

RCPC=1-
∅Stainless

∅G
 

 
(Equation 4) 

  Where RCPC the Ratio of the CPC (%), ∅Stainless (mm) is diameter of the stainless use and ∅G (mm) 
is the global diameter of the coated yarn. 
 
The measurement of the electrical conductivity according to the ratio of CPC is illustrated by the 
Figure 4. At the equivalent ratio of CPC (64 – 65%), the electrical conductivity of the coated yarn 
with an initial linear density of metallic yarn of 190 Tex is a better electrical conductivity than the 
coated yarn with a linear density of metallic yarn of 505 Tex. A higher initial electrical conductivity 
allows for a more efficient Joule effect. 
 

  
Figure 4: Electrical conductivity according to the initial linear density of the metallic yarn and 

the global diameter of the coated yarn 
2.3.    Influence of the structure of the metallic yarn: Multifilament or Spun yarn 
The last key factor studied on the metallic yarn was the structure. In fact, like presented in the material 
section, there were two structures of metallic yarn: one was a multifilament and the other was a spun 
yarn. Despite the metallic structure, these metallic yarns had the same properties: linear density, 
chemical composition and without spin finish oil. Electrical conductivity is measured on coated yarn 
developed by these metallic yarn structures, and illustrated by the Figure 5. The structure of the 
metallic yarn had an important influence on the electrical conductivity. Indeed, the spun yarn coated 
allowed to have an electrical conductivity more important than the coated multifilament. This 
electrical conductivity difference was explained by the structure of the spun yarn and more 
particularity by the stainless fibrils. During the coating, these fibrils had not a cohesive structure, in 
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particularity without spin finish oil, so the thickness CPC-metallic yarn is lower for the spun yarn 
coated than the multifilament coated as illustrated in the Figure 6. 
 

  
Figure 5: The electrical conductivity of the coated multifilament or the coated spun yarn 

according to the ratio of CPC in the coated yarn 

 
Figure 6: Schematic representation of structure of the coated metallic yarn (multifilament or 

spun yarn) 
All samples were tested in order to measure the Joule effect. However, due to the high electrical 
conductivity of the spun yarn coated, the protocol used was not adapted. Indeed, due to the high 
electrical conductivity of the coated spun yarn, there is an important Joule effect which involved the 
combustion as opposed as the multifilament coated which have not Joule effect. Then the PTC effects 
were measured and results are reported in the Figure 7 and the Table 4. 

 
 

Figure 7 : The sensibility of the second temperature cycle according to the multifilament 
coated and the spun yarn coated  
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Table 3: The amplitude of the PTC effect of the second temperature cycle according to the 
metallic yarn's structure 

 Multifilament Spun yarn 

Amplitude of the 
PTC effect -0.153 -0.569 

 

During the measurement the coated spun yarn spun yarn had many variations as opposed as the 
multifilament coated. During the temperature increase, the internal structure of the coated yarn, and 
due the action of the heat, have changed and have involved the creation of short circuit with metallic 
fibrils. This modification had as consequences the modification of the electrical conductivity, so the 
PTC effect. These various picks have caused by the intensity which pass thought these fibrils. The 
structure of the metallic yarn for a coated yarn is important. Multifilament is better if the goal is to 
make a heating textile with a self-regulating temperature. 

Conclusion 
To understand several key factors on the coated metallic yarn to the development for a heating 
filament with self-regulating temperature, this study is focused on three of these key factors, which 
is spin finish oil, initial linear density, and the structure of the metallic yarn. All of the parameters 
during the coating are fixed to compare and analysis each experiment. 
At first, spin finish oil is studied and have not directly an influence on the electrical conductivity of 
the coated yarn. However, on the Joule effect, the spin finish oil is a significant influence. The first 
hypothesis was the reduction of contact points between CPC and metallic yarn and so involving a 
decrease of the Joule effect, which was ensured by the metallic yarn. The second hypothesis was the 
spin finish oil have a high thermal conductivity which have as consequences a thermal dissipation 
and so a decrease of the global Joule effect.  Concerning the PTC effect, the hypothesis is the PTC 
effect increase with spin finish oil, due to the dissipation of the spin finish oil during the temperature 
increase involving a more thermal expansion for the CPC, which was a key factor of the PTC effect. 
Finally, the last key factor was the structure of the metallic yarn more particular the influence if the 
metallic yarn is a multifilament or a spun yarn. Due to fibrils in the spun yarn, the electrical 
conductivity and Joule effect are higher in the coated yarn than the multifilament yarn. However, 
these fibrils involve problem for the PTC effect.  
The purpose of this study was the development of a heating filament with self-regulating temperature. 
Thus in orders to achieve this goal, it was necessary to use a metallic yarn, with a multifilament 
structure, with no spin finish oil and a low linear density. 
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Abstract. Electrically conductive fibers are required for numerous fields of application in modern 
textile technology. They are of particular importance in the manufacturing of smart textiles and fiber 
composite systems with textile-based sensor and actuator systems. Elastic and electrically conductive 
filaments can be used as strain sensors for monitoring the mechanical loading of critical components. 
In order to produce such sensorial filaments, thermoplastic polyurethane (TPU) is compounded with 
carbon nanotubes (CNT) and melt spun. The mechanical performances of filaments produced at 
different spinning speeds and containing different amounts of CNT were tested. Furthermore, the 
correlation between the specific electrical resistance of the filaments and the mechanical strain were 
analyzed depending on the CNT-content and the spinning speed. 

Introduction 
In modern textile technology, electrically conductive fibers and filaments are needed for a wide 

range of applications. Textile-processable sensors and sensor networks, for example, are based on the 
usage of electrically conductive filaments [1–3]. Moreover, these yarns are indispensable for 
information transport. Thus, for example, data collected in mechanical structural health monitoring 
of critical components or in wound monitoring in the medical sector and nursing industry are 
transported by means of electrically conductive yarns [4–7]. Furthermore, the development of smart 
textiles and functional fiber composites is inconceivable without electrically conductive yarns, since 
many functions are based on the transmission of signals and the storage of electrical energy [8, 9]. 

Highly relevant is the development of smart clothes, which, for example, can be coupled with the 
smart phone and thus enable the wearer to monitor his vital functions, make inputs or read digital 
information from his clothing [10–12]. These applications require a high degree of mechanical 
flexibility, as the garment must deform accordingly to the movements of the human wearer. Also, 
modern fiber rubber composites which are used in soft robotics, demand electrical conductivity in 
order to sense environmental conditions and react accordingly [13]. At the same time, the Young's 
modulus and yield strain of the electrically conductive textile components should be as low as 
possible in order to minimally restrict motion and enable high deformations [14]. 

However, in line with the current state of the art, mainly metal-based systems are used to conduct 
electric current in textiles. For example, fine copper wires or silver-plated yarns are used in woven 
and knitted fabrics [15–17]. However, these yarns exhibit high Young’s moduli, can break at small 
bending radii and exhibit low durability, since electrically conductive particles are extracted from the 
surface or coating during use, so that the electrical resistance increases. 

In addition to metal-based yarns, some stretchable, electrically conductive fiber materials exist 
which are either produced by the functionalization of an elastic filament with an electrically 
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conductive coating, the achievement of structural elongation by tailored geometric arrangement of 
non-elongatable but electrically conductive yarns or a combination of both possibilities [18]. The 
coating as well as the geometric arrangement feature several disadvantages. For example, the coating 
of elastic filaments with an electrically conductive coating solution, that is often based on brittle and 
stiff conductive particles, requires a multistep process in order to guarantee a stable bond between 
coating and textile base material [19, 20]. If conductive yarns, on the other hand, are manufactured 
in a special geometric arrangement, as for example in a helical structure, they can be stretched 
considerably, but the yarn structures also exhibit great diameters which are negative for several 
applications and processing variants [21]. The aim of the presented research work is therefore to 
realize a highly stretchable, textile processable yarn system with electrical conductivity in one 
production step. For this purpose, thermoplastic polyurethane (TPU) is compounded with carbon 
nanotubes (CNT) and spun. TPU exhibits a low Young's modulus, but unlike other elastomers, it can 
be thermally processed so that it can be spun in a melt spinning process. In order to reduce the 
electrical resistance of the polymeric base material, TPU is compounded with CNT. The melt 
spinning of TPU-CNT-compounds enables a cost-effective and automatable production process for 
the manufacturing of elastic and electrically conductive filament yarns. 

Materials and Methods 
The TPU grade Desmopan 9370A from Covestro AG (Leverkusen, Germany) [22] and the 

masterbatch TPU 1001 from Nanocyl SA (Sambreville, Belgium) [23] were used in order to produce 
electrically conductive and highly elastic filaments. The masterbatch TPU 1001 contains 
10 wt% CNT. As this filling grade is too high to be processed, the masterbatch and the pure TPU 
were pre-compounded by hand to a polymeric material containing 1 – 6 wt% CNT. All materials were 
dried for 24 h at 80 °C before starting the spinning process. A bicomponent melt spinning plant of 
Dienes Apparatebau GmbH (Mühlheim am Main, Germany), which is present at ITM, TU Dresden, 
is used for all trials. The tests were performed under a nitrogen atmosphere to avoid the oxidation of 
TPU. A 60-filament core-sheath spinning die offering a die diameter of 0.6 mm was used and a 
spinning temperature of 190 °C was selected. The winding speeds were varied between 8 and 
650 m/min according to the compound’s spinnability. 

To determine the melt viscosity, isothermic rheometric measurements were performed on a Haake 
RheoWin /Thermo Scientific Mars II from Thermo Fisher Scientific Inc. (Waltham, USA) at 200 °C. 
Tensile tests were performed on a Zwicki Junior from ZwickRoell GmbH & Co. KG (Ulm, Germany) 
with a clamping length of 62.5 mm and a testing speed of 200 mm/min. For each specification, five 
samples were tested. The fineness of the melt spun multifilament yarns was determined in accordance 
with DIN EN ISO 2060. For this purpose, five samples with a defined length of 1 m were taken from 
each spinning specification. The mass of the samples was then determined using a precision scale 
R200D from Sartorius (Göttingen, Gemany). Microscopic images of the cross section of spun 
filaments were obtained by means of the light microscope Zeiss Ultra Plus with Axio Imager M1 
from Carl Zeiss AG (Jena/Oberkochen, Germany). 

In order to measure the electrical resistance depending on the mechanical strain loading of the 
filaments, tensile tests were combined with a four wire measurement method. Therefore, a current 
source Voltcraft LRP-1601 (Wollerau, Switzerland), supplying 100 mA, and two multimeters 
Keithley DAQ6510-7700 from Keithley Instruments Corp. (Solon, USA) were used. The multimeters 
were used to measure current and voltage at the clamped sample. Then, the electrical resistance was 
calculated as a function of the testing time. In parallel, the mechanical strains were recorded as a 
function of time, so that a correlation between electrical resistance and strain is determined. Of each 
spinning specification, five samples were tested. 

Results and Discussion 
In order to analyze the rheological properties of the polymer melt, which are important for the melt 

spinning process, measurements of the viscosities of different TPU-CNT-compounds are presented. 
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The addition of CNT to TPU leads to a significant rise in the compound’s melt viscosity (see Fig. 1). 
For example, once the CNT content was increased from 1 wt% CNT to 5 wt% CNT, a tenfold increase 
in viscosity was observed at shear rates of 1 – 10 s-1, which are particularly relevant for the melt 
spinning process. 

 

 
Figure 1: Viscosity of compounds containing different amounts of CNT, measured at a constant temperature of 200 °C 

The very high viscosities of up to 100 kPas at filling grades of 5 and 6 % CNT does not only 
increase the spinning pressure in the process up to 150 bar, they also lead to heterogeneities in the 
filaments diameter, reduce the possible spinning speed and increase the filament weight. As a result, 
filaments containing 2 wt% CNT or more must be pulled off at significantly lower speeds compared 
to pure TPU in order to avoid filament breakage. TPU-CNT-compounds with 0 wt% or 1 wt% offer 
the potential to be spun at high winding speeds of up to 650 m/min, whereas compounds with 2 wt% 
or more CNT cannot be spun at speeds exceeding 35 m/min. Compounds with more than 6 wt% CNT 
are not spinnable, because the viscosity is too high. 

At filling grades of 3 % CNT or more, the weight of the spun filaments is too high to be carried 
by the melt coming out of the spinneret, so filament breakages occur, if the length of the filament 
exceeds 0.5 m. Therefore, extensive modifications to the spinning machine were required in order to 
ensure process stability. By means of an additional device, the weight of the solidified filaments was 
supported shortly below the spinneret so that the melt no longer had to support the entire weight of 
the filaments. For this purpose, a duo of godets driven by an electric motor was inserted into the 
spinning shaft 0.3 m below the spinneret (see Fig. 2).  
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Figure 2: Additional duo of godets and its insertion in the melt spinning process 

First, the spun filaments were guided over the lower cylinder and second, they ran vertically 
upwards while being drawn by the upper cylinder. Due to the staggered arrangement of the cylinders, 
further deflection points can be avoided to minimize potential effects on the yarn path, the geometry 
of individual filaments, and the arrangement of filaments in the fiber bundle. Once the spun filaments 
passed this additional device, they were taken-off and wound up. 

The low spinning speed increases the CNT’s tendency to agglomerate. The electrically conductive 
particles attract each other and as long as the polymer matrix surrounding them is in a liquid aggregate 
state, rearrangement processes within the filament are possible. This means that due to the low take-
off speed and the resulting larger filament diameters and higher solidification times, a CNT-rich 
filament core and a sheath of pure TPU are formed. Even in a monocomponent spinning process, a 
core-sheath structure with an electrically conductive core and an insulating sheath occurs due to the 
CNT agglomerations in the filament core. This behavior is increased by the usage of a bicomponent 
melt-spinning process, which enables the spinning of core-sheath filaments. In this process, the TPU-
CNT-compound is spun in the core and the sheath is composed of clear TPU. Fig. 3 shows 
microscopy pictures of the cross section of TPU-CNT-filaments melt spun in a monocomponent and 
in a bicomponent spinning process. 
 

 
  

Figure 3: Cross section of filaments made of TPU and CNT; melt spun at 10 m/min,  
a) monocomponent spinning process, b) bicomponent spinning process 

For many applications, it is a great advantage to shield the conductive filament with an insulating 
sheath. In that case, the probability of short circuits can be minimized significantly. If the filaments 
spun in a bicomponent process contain the same amount of CNT and are produced at the same 
spinning parameters (e.g. speed, nozzle diameter, temperature), their outer and inner diameters can 
be processed in the same range as those of filaments spun in a monocomponent process. In both cases 
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the diameter of the electrically conductive core, composed of TPU and CNT, is in the range of 
270 – 300 µm and the outer diameter is 380 ± 20 µm. 

The electrically conductive yarns were produced in a multifilament spinning process. Each yarn 
contains 60 filaments. The multifilament yarns finesses are in the range of 1000 – 3000 tex depending 
on the spinning speed and the CNT-content. The Young’s moduli are below 80 kPa and elongations 
of up to 400 % can be reached. For more detailed information see [24]. 

At a constant CNT-content, the reachable stress level and elongation at break increase with 
decreasing spinning speed, as can be seen in Fig. 4.  

 
Figure 4: Strain-Stress-Diagrams of multifilament yarns melt spun at different spinning speeds, 

containing a) 3 wt% CNT, b) 4 wt% CNT, c) 5 wt% CNT, d) 6 wt% CNT  
 

If the spinning speed was kept constant, it can be seen, that the elongations at break decrease with 
increasing CNT-content. Meanwhile, the achievable stress levels increase, as can be seen in Fig. 5. 
The curve at 4 % CNT and 15 m/min spinning speed must be regarded as an anomaly. Even though 
the corresponding tests have been repeated 3 times, the obtained values do not fit within the expected 
behavior. However, an irregular material behavior at 4 % CNT caused by the material itself seems 
unlikely from a physical point of view. Probably, a process-related technical peculiarity occurred in 
the manufacturing of the yarns, which cannot be defined in more detail according to the current state 
of knowledge. At this point, further investigations are necessary to analyze the strain-stress behavior 
of the melt-spun TPU-CNT yarns in more detail. 
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Figure 5: Strain-Stress-Diagrams of multifilament yarns containing different amounts of CNT; all yarns were spun at 

15 m/min 
 

The specific electrical resistances increase with decreasing CNT-content and increasing spinning 
speed. The minimum specific electrical resistance of 110 ± 39 Ωcm is found at 5 wt% CNT and a 
spinning speed of 10 m/min. Compounds containing more than 5 wt% CNT does not offer a lower 
electrical resistance. The underlying cause is the agglomeration tendency of the CNT, which 
dominates the electrical properties at higher filling grades. 

If the filaments are stretched, the electrical resistance increases, because the electrically conductive 
particles are pulled away from each other, thus enabling the usage of the melt-spun filaments as strain 
sensors. Fig. 6 shows the relationship between mechanical strain and specific electrical resistance 
depending on the CNT-content. The spinning speed during the production of the filaments containing 
different amounts of CNT was 15 m/min in every case. 

 

 
Figure 6: Strain and electrical resistance depending on the testing time; tested at multifilament yarns containing 

different amounts of CNT 
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The results of the yarns containing 3 % CNT could not be included in the evaluation because the 
determined electrical resistance partly exceeded the measuring range of the measurement device and 
thus no reliable evaluation was possible. The recorded curve of the filaments containing 4 % CNT is 
suitable for determining a general level of the electrical resistance, but does not accurately represent 
the course of the electrical resistance as a function of the mechanical elongation. Again, it is apparent 
that the specification in question has anomalies in the electrical and mechanical properties. 
Nevertheless, it can be clearly seen that the specific electrical resistance increases with decreasing 
CNT-content. The filaments containing 4 wt% CNT exhibit the highest mean level of resistance. The 
corresponding difference between the mean specific electrical resistance of filaments containing 
5 wt% CNT and 6 wt% CNT is not very pronounced. This behavior can be explained by the 
agglomeration tendency of the CNT, which increases with increasing filler content. Due to the 
formation of agglomerations, the electrical conductivity does not increase further by adding more 
CNT to the polymer compound. 

Especially at a filling grade of 6 wt% CNT, a very pronounced shoulder phenomenon can be seen 
in the curve showing the electrical resistance. Shoulder phenomena, which mean the existence of 
local maxima in the electrical resistance at strain minima, can often be seen in filled elastomers under 
strain loading. This characteristic behavior can be explained with the help of the transverse 
contractions in the filament induced by the strain loading [25, 26]. The curve of the filaments 
containing 5 % CNT shows the slightest shoulder phenomenon and thus exhibits an almost direct 
correlation between elongation and resistance. This direct correlation is particularly important for the 
usage as sensor, as it allows a direct conclusion to be drawn from the measured change in resistance 
to the existing strain load. For this reason, the melt-spun filaments containing 5 wt% CNT will be 
investigated in more detail in the following (see Fig. 7). 

 

 
Figure 7: Strain and electrical resistance depending on the testing time; tested at multifilament yarns containing 

5 wt% CNT and spun at different spinning speeds 
 

If the CNT-content is kept constant, the specific electrical resistance increases with increasing 
spinning speed, because during the spinning process and the fiber solidification, the electrically 
conductive particles are pulled away from each other. Thereby, electrically conductive pathways are 
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interrupted. It can be seen that the shoulder phenomenon is more consise at lower spinning speeds. 
The best correlation between mechanical strain and electrical conductivity can be found at a CNT-
content of 5 wt% and a spinning speed of 15 m/min but even here, a significant phase shift can be 
detected. In order to produce reliable resistive strain sensors by melt spinning TPU-CNT compounds, 
further detailed research is needed. 

Conclusion 
Polymer compounds composed of TPU and up to 6 wt% CNT can be melt-spun. The resulting 

filaments exhibited a very high elongation at break while providing mechanical properties in the range 
of conventional elastic fibers [27] and electrical conductivities in the range of electrically conductive 
liquid rubbers [28]. At high filling grades and low spinning speeds, the CNT tend to agglomerate in 
the filament’s core, thereby forming an electrically conductive core surrounded by an insulating 
sheath of clear TPU. This new class of electrically conductive, highly stretchable yarns offers a great 
potential for strain sensors. The best correlation between mechanical strain and specific electrical 
resistance can be found in multifilament yarns containing 5 wt% CNT and spun at 15 m/min. In the 
future, further spinning experiments should be carried out in order to reduce the shoulder phenomenon 
in other configurations as well, so that elastic yarns with good electrical conductivity can be used to 
monitor mechanical loads in soft robotics and smart textiles. Furthermore, these yarns could be used 
in wearable smart textiles for actuation, energy harvesting, computing and communication. 
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Abstract. Textile products are of great importance in the dissemination of newly developed 
communication devices and flexible electronics in conjunction with the advantages of covering the 
entire human body and being used all day long by all individuals in society. Various approaches have 
been developed to ensure the required electrical conductivity of textiles. Our research deals with melt 
spinning of carbon nanomaterial-based composites (CNCs) into electrically conductive filaments. By 
combining the various composite structures and property profiles with a conductive filler at high 
concentration, specific morphological structures can be achieved that offer a much higher potential 
for the development of new functional fibers for different smart textile applications. 
This study aims to produce nanocomposites from polyamide 6 (PA6) and polyethylene (PE) matrices 
with single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) by using a small-scale 
mixing device that provides short mixing time, and material savings in the first stage of the research. 

Introduction 
Developing digital technology and changing consumer demands increase the need for information 
processing systems that are in connection and interaction with the environment [1, 2]. Textile 
products are an interface that can be of great importance in the dissemination of newly developing 
communication devices, flexible electronics, and nanomaterials with the advantages of covering the 
entire human body and being used all day long by all individuals in society [3]. In addition, textiles 
provide the highest level of flexibility in system design thanks to their wide range of fibers, yarns, 
fabrics, and production techniques, thus creating a wearable and comfortable mobile information 
infrastructure [4]. Thus, studies have shown increased efforts to convey various functionalities to 
textile fibers, such as electrical conductivity, which is critical for applications such as anti-static 
protection, electromagnetic interferences (EMI) shielding, sensors, textile electrode material for 
charge storage systems, or signal transfer [5]. 
Since textile polymers are largely insulating by nature, several approaches [6] exist on how to enhance 
the high conductivity of the textiles such as using thin metal wires or hybrid yarns [7] with metalcore 
in woven or knitted fabrics [8]. An alternative method is to coat the fibers, yarns, or fabrics with a 
thin metal layer or a conductive polymer [9]. The fabrication of conductive fabrics from metal has 
been widely studied because of their high conductivity, stability, and low cost [10]. However, there 
are several disadvantages in using metals, linked e.g., with degradation by wear and tear and 
durability during textile production or can modify the primary textile properties, such as the 
washability and hand feel [11]. Corrosion and oxidation may occur, failing due to decreased 
conductivity. It is known that depending on the layer thickness certain garments can only last for a 
maximum of 50 wash cycles [12]. Another option is to use intrinsically conducting polymers (ICPs), 
to which electron donors must be added to conduct electricity. Their disadvantage is that they are 
difficult to dissolve and almost impossible to melt [13]. Therefore, they must first be dispersed in a 
matrix polymer. In addition to the high polymer price of ICPs, mixing and processing further 
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increases the material price, so the study of ICPs for large-scale textile applications is rarely carried 
out [14].   
Carbon nanomaterial-based composites (CNCs) have gained great interest due to their high 
mechanical, electrical, magnetic, and thermal properties in the last decades [15]. They have a very 
high potential in different industrial applications in the manufacture of sensors, microelectrodes, 
electromagnetic shielding materials, electroconductive rubbers, electrostatically paintable materials, 
parts for automotive engineering, etc. [16]. Thus, their property profile depends on CNT properties, 
dispersion, and orientation aspects, interfacial adhesion, and matrix properties which can widely vary 
[17]. The prices of materials such as carbon nanotubes (CNTs) and graphene, whose raw material 
prices were very high when they were first developed, are falling due to the development of 
production processes in larger quantities. especially in single-walled CNT (SWCNT) materials, due 
to the low percolation threshold, the desired properties can be achieved by using very low percentage 
weight nanoparticles [18]. All this has greatly expanded the application areas of these nanocomposites 
while reducing production costs. 
CNCs can be spun into filaments that have a very high potential in different industrial applications 
[19]. The structural properties of the filament yarns will primarily depend on the properties of the 
nanocomposite to be used, its dispersion, orientation, interfacial adhesion, and the properties of the 
polymer to be used [20].  Our research deals with melt spinning of carbon nanomaterial-based 
composites (CNCs) into electrically conductive filaments. By combining the various composite 
structures and property profiles with a conductive filler at high concentration, specific morphological 
structures can be achieved that offer a much higher potential for the development of new functional 
fibers for different smart textile applications. 
This study aims to produce nanocomposites from polyamide (PA6) and polyethylene (PE) matrices 
with SWCNTs and multi-walled CNTs (MWCNTs) by using a small-scale mixing device that 
provides short mixing time, and material savings in the first stage of the research. 

Materials and Methods 
The polymers as matrices used were PA6 and PE. The carbon-based nanofillers used were MWCNTs, 
SWCNT (pure), and an SWCNT matrix provided as a masterbatch with 90 wt% PE and 10 wt% 
SWCNTs. The polymer matrices and nanofillers used in this study are shown in Table 1. 
 

Table 1. Polymer matrices and nanofillers used in this study  
Material Trade Name Company 
PA6 B27E BASF AG, Ludwigshafen, Germany 
PE Evolue-H Prime Polymer Co. Ltd., Tokyo, 

Japan 
MWCNT NC7000 Nanocyl S.A., Sambreville, Belgium 
SWCNT TuballTM 75% OCSiAl Ltd., Novosibirsk, Russia 
SWCNT 
masterbatch 

Tuball matrix 816 Beta  OCSiAl Ltd., Novosibirsk, Russia 

 
Melt compounding of PA6/CNTs [15] was performed at a mixing temperature of 260 °C, a rotation 
speed of 250 rpm, and a mixing time of 5 min using a conical twin-screw micro-compounder 
Xplore15 having a capacity of 15 ccm (Xplore Instruments BV, Sittard, Netherland). After mixing 
the material was led out as a strand without additional cooling and rotations speed lowered to 50 rpm 
(Fig. 1). The extruded strands were cut into pieces of some millimeters in length and compression 
molded into plates. Pressing conditions: 260 °C, 2.5 min pre-melting and 1.5 min pressing under 
50 kN pressing force, press PW40EH (Otto-Paul-Weber GmbH, Germany. Electrical measurements 
were performed on these pressed plates with a thickness of 0.3 mm and a diameter of 60 mm). 
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Fig. 1. Conical twin-screw micro compounder Xplore15 
 

Melt compounding of PE/SWCNT was performed using micro-compounder Xplore15 at a mixing 
temperature of 180 °C, a rotation speed of 20 rpm, and a mixing time of 5 min. After mixing, the 
material was led out as a strand using a 1 mm nozzle. Melt spinning ability was evaluated using a 
micro-scale winder (“Micro Fiber Spin Device” - Xplore Instruments BV, Sittard, Netherland) set up 
directly after the extruder nozzle and by drawing a monofilament of PE/SWCNT of at least 50 m. 
Fiber diameters ranged from 0.4 to 0.9 mm depending on SWCNT content. 
To measure the electrical volume resistivity of PA6/CNT compression-molded plates a Keithley 
6517a electrometer combined with a Keithley 8009 test fixture (Keithley Instruments, USA) was used 
for all pressed plates. For resistances lower than 1011 Ω cm, the measurements were carried out on 
strips (length of 20 mm, wide of 6 mm, cut from the plates) using a 4-point test fixture having gold 
electrodes combined with Keithley electrometer E6517A and Keithley multimeter DMM 2001 (for 
resistances lower than 106 Ω cm recommended to use DMM 2001). The electrical resistance of 
PE/SWCNT was measured directly on single filaments with a length of about 100 mm using a DT-
61 digital multimeter from MASTECH (Multimeter Warehouse, Walnut, CA, USA).  
The state of CNT macrodispersion in the PA6/CNT composites containing 1 wt.% CNT was 
determined using light transmission microscopy. Thin sections with 5 µm thickness were prepared 
from the extruded strands using a Leica RM 2265 microtome (Leica Microsystems GmbH, Germany) 
and were fixed with Aquatex® on glass slides. The samples were characterized with a microscope 
BX53M in transmission mode combined with a camera DP74 (Olympus Deutschland GmbH, 
Germany). The area ratio AA (%) of the area of filler agglomerates related to the total area of the 
images was calculated using an image analysis process. 

Results and Discussion 
The electrical volume resistivity of polymer/CNT composites and filaments at a filler content of 0.1-
10 wt % is given in Table 2.  
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Table 2. Electrical volume resistivity of polymer nanocomposites containing different CNTs 
 

 Electrical Volume Resistivity (Ω cm) 
CNT Content 

(wt %) PA6/MWCNT* PA6/SWCNT* PE/SWCNT+ 

0.1 - 3.89E+05 - 
0.25 - 1.65E+04 - 
0.5 2.95E+14 1.32E+03 - 
1.0 1.07E+14 2.10E+02 - 
2.0 9.15E+07 1.30E+02 - 
3.0 1.35E+06 1.09E+02 - 
4.0 1.66E+05 1.07E+02 - 
5.0 9.43E+03 2.51E+01 - 
8.0 - - 1.1E+02 
10 - - 1.7E+03 

*Measured on plates + measured on filaments. 
 

The results of volume resistivity measurements show the significantly lower electrical percolation 
threshold of the PA6/SWCNT as compared to the PA6/MWCNT composites. The resistivity value of 
PA6/SWCNT achieved at the loading of 0.1 wt % already lower than 106 Ohm cm and at 0.25 wt % 
addition, values lower than 104 Ohm cm are reached. Similar resistivity values were achieved for 
PA/MWCNT loadings of 4-5 wt %. However, characterization of the state of macrodispersion has 
shown that the area of agglomerates is much larger in PA6/SWCNT composites compared to 
PA6/MWCNT composites.  
The results of volume resistivity of PE/SWCNT filaments which loading was less than 8 wt % could 
not be measured because the percolation threshold has not been exceeded. This may be due to the 
worse CNT dispersion in PE even when using a masterbatch combined with the elongation of the 
network during the drawing of filaments, resulting in a resistivity increase above the measuring range 
of the equipment. 
Transmission light microscopy (LM) was used to characterize the state of macrodispersion of CNTs 
in extruded strands. The state of agglomerate macrodispersion in the three CNT composites is 
representatively shown in two different magnifications in Fig. 2.  
It is clear from the micrographs (Fig. 2) that the area of agglomerates is much larger for CNT 
TUBALL™   in comparison to the NC7000. To evaluate the area rate of remaining agglomerates and 
to compare between three CNT composites, the optical microscopic images of high magnification 
(200 µm scale bar) were quantitatively analyzed using an image analysis process. The area of 
agglomerates is much larger for SWCNT TUBALL™ (5.07±3.4%) in comparison to the MWCNT 
NC7000 (1.23±0.7 %). For CNT TUBALL™, the area ratio of remaining agglomerates, the largest 
remaining agglomerates of all investigated CNTs, was 5.07±3.4%.  
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Fig. 2. Optical microscopy images of PA6/CNT composites with 1 wt % filler a) NanocylTM 
NC7000, b) CNT TUBALLTM 

Conclusion 
We have produced nanocomposites from PA6 and PE matrices with SWCNTs and MWCNTs by 
using a small-scale mixing device. PA6/SWCNT composites show lower electrical volume resistivity 
than PA6/MWCNT composites at the same loading. Macrodispersion characterization has shown that 
the area of agglomerates in PA6/SWCNT composites is substantially larger than in PA6/MWCNT 
composites. This underlines the need for further and more detailed investigations on the effects of 
mixing conditions for PA6/SWCNT composites. The PE composites, measured directly as filaments, 
need much higher SWCNT contents to reach similar resistivity values, suggesting that these filaments 
could be used for the development of antistatic textiles. We observed that the strength of the filaments 
decreased with increasing SWCNT loads. The focus of futures studies will be to also investigate PA6 
based filaments, to analyse the nanocomposite materials in more detail, and to systematically analyse 
the influencing parameters (compounding, melt-spinning, filtering, drawing) of the melt spinning 
process chain. Nanocomposite filaments will be further processed into structures such as woven and 
knitted fabrics to investigate the multi-functionality of CNT-based textiles. As well as anti-static 
textiles, CNT-modified materials could be developed as EMI shielding, sensors, textile electrode 
material for charge storage systems, or signal transfer. 
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Abstract. Smart textile behaviour encompasses changes over time, which are triggered upon a sensed 
stimulus. With a focus on dynamic qualities, this research sought to study how gradual and reversible 
transitions of smart textiles can be influenced by the activation variable – stimuli magnitude. Taking 
into account an analysis of different external stimuli for the same property change, the experimental 
work was conducted with Colour Change Materials, namely textiles screen printed with thermo, photo 
and hydrochromic pigments. The results attained demonstrate how stimuli magnitude can affect 
textile temporal expressions, in this case: hue, saturation and lightness, as well as pace change. In 
addition, different considerations also arose in respect to each stimulus’ energy type and 
interdependencies between stimuli types. Contributing to the understanding of dynamic qualities of 
smart textiles and chromic materials’ properties, this research also discusses further alternatives to 
explore textile behaviour towards new design possibilities for smart textiles as dynamic interfaces.  

Introduction 
Considering that smart textiles are able to sense and react reversibly to an external stimulus [1], 

they present a behaviour that can be described as dynamic and interactive, due to their property 
change ability and the response being triggered upon a sensed stimulus. In this sense, designing smart 
textiles includes exploring and working with the properties and qualities of the smart textile 
behaviour. 

Dynamic behaviour is not a familiar dimension in conventional textiles. It is found more 
comprehensively in fields such as dance, music and even robotics, namely addressing time and 
movement concepts. For example, the design of a robot movement, besides concerning the trajectory 
definition that is accomplished by a physical medium, can also be described according to the 
movement properties and expressions, namely if the movement appears more organic or mechanical, 
if it occurs in a perceived fast or slow pace. 

Therefore, as an emergent dimension in textile design and engineering, smart textiles behaviour 
presents new opportunities and challenges, including to provide new means to extend textiles 
conventional functions and expressions; to create new potential to interact with our environment and 
transform it; as well as to add new variables and competence requirements design research and 
practice [2-6]. 

To study the dynamic qualities of smart textiles, it is important to focus on how the materials 
changes between one state to another and the variables that can influence their expressions during 
gradual transitions and in different states. Previous research was conducted to study how the 
combination of smart materials and their integration processes in textile substrates can affect their 
expressions and behaviour [7-8], which was developed with stimulus-sensitive colourants. 

The present research sought to study how gradual and reversible transitions of smart textiles can 
be influenced by the activation variable – stimuli magnitude. Taking into account an analysis of 
different external stimuli for the same property change, the experimental work was conducted with 
Colour Change Materials, namely textiles screen printed with photochromic (PC), thermochromic 
(TC) and hydrochromic (HC) pigments, which react to Ultraviolet (UV) radiation, heat and water, 
respectively [9].  
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Considering the intrinsic dynamic behaviour of each pigment type, PC are colourless in the 
stimulus absence, acquiring their predefined colour when exposed to it; the colour of TC textiles fades 
away above their activation temperature and returns to colourized below it; HC are opaque in dried 
state, changing to transparent when exposed to water [10-11]. Analysis on chromic behaviour 
conducted in this study, encompassed textile samples development and exposure to different stimulus 
types that address different magnitude levels for each pigment studied. 

Materials and Methods 
The chromic pigments handled were: SFXC water based PC dispersion yellow (PCy), magenta 

(PCm) and blue (PCb); SFXC water based HC ink white; ATUSMIC water based TC dispersion red 
with activation temperature of 27ºC. PC and HC were supplied as ready-made pastes, and TC screen 
printing paste was formulated with 10% pigment and 90% Gilaba vinyl acrylic binder. 

Samples were screen printed on a Zimmer Mini MDF R541 table. After being screen printed, each 
sample completed a process of drying and thermo setting in a laboratory oven with time and duration 
parameters according to the materials applied: 150ºC during 3 minutes for TC; 130ºC during 3 
minutes for PC and HC pigments. 

The experimental work consisted of two phases for each pigment type. The first phase studied the 
effect of activation magnitude in the textile expressions of each stimulus sensitive material, and the 
analysis was conducted with samples screen printed with individual pigments’ colours. The second 
phase studied the speed in which the textiles change between states according to the stimuli 
conditions. 

Colour change behaviour was studied through a qualitative analysis by direct observation and 
video recording, which also enabled the comparing of results attained through video frame images 
and the evaluation of pace of change. 

For the study with UV radiation stimulus, PC samples were produced with a 100% cotton plain 
weave substrate and the conditions defined to analyse textile behaviour included natural and artificial 
light. Experiments in natural light encompassed direct and indirect exposure. In artificial light, the 
tests were conducted with a standardized light booth under the exposure of three lighting conditions: 
D65, UV and D65 combined with UV. The light source D65 is a CIE Standard Illuminant that 
represents average daylight, referring to diffuse skylight without direct sunlight and has a colour 
temperature of 6504 K [12]. 

Heat stimulus activates chromatic changes of TC pigments, leading to a decolourization process 
with changes from a coloured to a colourless state. Depending on the way the heating source activates 
the changes, dynamic textile patterns can be distinguished as direct or reported – concepts that were 
introduced by Worbin [2]. Direct patterns account for colour change as a direct response to the 
thermal stimulus, while reported patterns involve the use of conductive and electronic components, 
which are programmed to induce temperature variation through resistive heating. 

This work discusses a section of the studies conducted with reported activation [6], which were 
developed with a textile sample woven with conductive threads. The TC sample was woven in the 
Jacquard Vamatex loom with 41.2 tex cotton warp and 14.7 tex polyester weft, integrating the Karl 
Grimm High Flex 3981 conductive thread in the weft of a plain weave structure at 1 cm distance each 
(13 picks PES and 1 pick conductive thread per cm). Conductive thread insertion in the weaving was 
programmed through the loom software.  

TC sample activation through resistive heating was conducted with a DC power supply and 
different electrical current values were tested, enabling temperature transfer from the conductive 
threads to the textile chromic surface at different magnitude levels. To study sample temperature 
during activation, thermal images were also recorded with a Testo 876 Infrared camera and analysed 
with Testo IRSoft software. 

The study with the HC pigment analysed textile behaviour of opacity decrease, when exposed to 
water and colour return upon drying through different environmental conditions, namely direct 
sunlight at 30 and 27ºC and shadow at 25 and 20ºC. Considering that this pigment was commercially 
available just in white, the HC sample used in this study was developed through overprinting process 
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with a 100% cotton plain weave substrate previously screen printed with ATUSMIC Magnaprint 
black H3B.  

Results and Discussion 
PC pigments. Experiments conducted with PC samples yellow, magenta and blue exposed to 
different light conditions, which present different UV radiation levels, were video record and frames 
of each sample in the colourized state was combined in image frameworks. Fig.1 shows the PC 
samples under natural light – direct, indirect exterior and interior – where different colour saturation 
was attained in the 3 samples – PCy, PCm and PCb. Variations reflect that the higher the stimulus 
magnitude, the more saturated is the PC pigment colour, as observed through samples in direct 
sunlight activation. When PC samples are exposed to indirect sunlight, either in interior or exterior 
environment, colour strength is considerably lower and, in the case of PC blue pigment, besides 
colour saturation, differences appear to regard also to hue: instead of blue, colour observed is a very 
light greenish shade. 
 

Fig. 1. PC samples exposed to different natural lighting conditions. 

Artificial lighting conditions also interfered in textile PC behaviour in respect to saturation and 
hue, as observed in Fig.2. Samples under D65 illuminant present a very low colourization, particularly 
with yellow and blue pigment. With UV light, the blue light colour does not allow perception of the 
samples activated colour, rather, lightness dimension differentiates chromic behaviour results ranging 
from darker to lighter with magenta, yellow and blue PC samples, respectively, as depicted in Fig.2 
– 2nd column. When D65 is combined with UV light, the last enables a higher UV radiation and, 
whereas it still assigns a blue shade to the samples’ colour, D65 light enables hue perception.  
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Fig. 2. PC samples exposed to different artificial lighting conditions. 

Regarding the pace of change, when PC pigments are activated by direct sunlight, they appear to 
almost immediately change colour to their fully saturated state. With other lighting conditions that 
present lower UV stimuli magnitude, the chromic behaviour can be perceived overtime through a 
more gradual transition. With natural light, the colouration process was more obviously perceived 
previously to the first seconds 5’’ for direct exposure and in between 15 to 20’’ to exterior and interior 
indirect exposure (Fig.3).  

 

 
Fig. 3. Dynamic behaviour of PC pigments, upon different natural lighting conditions. 

The time required for the PC to return to its colourless state, after exposure with natural light, was 
difficult to quantify, as samples have to be contained from UV light, but exposed to other lighting to 
be observed. In addition, PC pigments show a residual colour according to its hue, which also 
interferes in the analysis. Nevertheless, the study highlighted that a higher stimulus magnitude 
triggers faster changes, but it can also slow down the pace at which the textile returns to the initial 
colour. 

For artificial light with D65, dynamic behaviour occurred during approximately 40’’ in the 
colourization process (Fig.4 left). Regarding decolourization, pace of change is observed slowly, also 
being difficult to identify by direct observation when the transition is complete. In the D65 test, 1’20’’ 
appear to be required for the decolourization process with PC magenta, whereas with PC yellow and 
PC blue, the decolouration appears to be complete at approximately between 40’’ and 1’(Fig.4 right). 
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Fig. 4. Dynamic behaviour of PC samples under D65 standard illuminant. 

The results attained with natural and artificial light stimulus, also highlight the possibility to design 
colour change behaviour that can perform transitions with different chromatic expressions by 
combining two or more PC pigments’ colours and according to the stimulus magnitude supplied, as 
they present different saturation levels and change rates. 

 
TC pigments. The study of magnitude stimulus influence on TC textile behaviour report to resistive 
heating activation experiments [6]. In the initial test, the objective was to study the influence of the 
electrical current value in the heating process of the TC sample. The test setup was defined with 1’ 
duration of power supply, after which colour return was analysed during the same period. The 
electrical current values tested ranged between 1 and 1,5A and the experiments were all conducted at 
a room temperature of 20ºC.  

Fig.5 presents the results attained with 1,3A and displays frames of the video record and IR images 
at each 15’’ of the timeline. When power supply was switched ON, the conductive thread pattern was 
revealed through the transition from textile solid colour to parallel colourless lines. This change was 
perceived in the 1st 15’’ of activation, after which thermal expansion in the textile areas in between 
the conductive threads, performed a slower pace, until attain an overall colourless expression, after 
1’ of activation.  When power supply was interrupted, colour return occurred slowly, through a more 
blurred expression than on heating. 
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Fig. 5. Dynamic behaviour of TC sample, during and after activation with 1,3 A. 

Comparing the results of the experiment with different electrical current values presented in Fig.6, 
it was observed that they affect the pace and the expressions of colour change. In experiments with 
1,2A or lower, full colour change was not attained with 1’ power supply. The temperature on the 
conductive threads changed the textile colour, but was not sufficient to heat up the textile areas 
between them above 27ºC (TC pigment activation temperature). When power supply was switched 
OFF, textile temperature affected colour return, which was incomplete in tests with 1,4 and 1,5 A. 
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Fig. 6. Dynamic behaviour of TC sample during and after activation through different electrical current values. 

Experiments with different room temperatures were conducted, which have shown to significantly 
affect duration of change. Fig.7 presents the time and maximum temperature measured on TC sample 
activated with 1,4A electrical current at a room temperature of 16ºC and 20ºC. Results comparison 
show that with 16ºC room temperature, colour change occurred much slower than in the test at 20ºC; 
while colour return was slightly faster, stressing their influence on both chromic transitions between 
colourized and decolourized states. 

 

Fig. 7. Dynamic behaviour of TC sample with 1,4 A activation, at room temperature of 20 and 16ºC. 

HC pigments. The experiments on HC behaviour encompassed an initial analysis on chromic 
activation either in an environment with different relative humidity properties and wetting 
possibilities. It was observed that the stimulus magnitude does not present an obvious effect on HC 
pigment decolourization. For example, when the dried samples were exposed to different humidity 
levels, no visual differences were observed. To identify colour change, the pigment required to be 
wet, which can occur regarding different scale areas of the printed surface, attaining different 
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expressions such as presented in Fig. 8: sprayed pattern with small droplets, stained area with the HC 
surface partially or fully wet. In addition, as the other pigments’ types, kinetic behaviour of this 
material is also incomplete, showing a residual opacity. 

 

 
Fig. 8. HC sample at dry and wet states. 

After direct water contact, time required to observe colour change is almost immediate, while 
colour return holds interdependencies between different stimuli conditions, as colourization of HC 
encompasses a drying process. 

Two setups were tested involving direct sunlight and shadow, both comprising of different 
temperatures, each measured with a thermometer placed in the sample surface. Conditions were 30ºC 
and 27ºC in direct sunlight and 25ºC and 20ºC in shadow. Time results required for the HC textile 
surface to become completely colourized are presented in Fig.9, where it can be observed that 
environmental conditions significantly affect the pace of HC colourization: samples in direct sunlight 
required 10 to 12 minutes to fully colourized and in shadow, time varied between 45 and 125 minutes. 

The analysis highlights that to design dynamic behaviour of HC textiles, it is important to take into 
consideration that pace of change during decolourization occurs at the seconds rate, while 
colourization involves minutes or even hours.  

 

 
Fig. 9. Dynamic behaviour of HC at different lighting and temperature conditions. 

Results obtained highlight that whereas designers can select specific colours for a given textile 
expression, various chromatic possibilities can arise in dependence of the stimulus type and respective 
magnitude. For all pigments tested it was observed that the pace of changes is also directly influenced 
to the stimuli magnitude. A high intensity activation triggers faster changes, but it can also slow down 
the pace at which the textile returns to the initial state. This relationship holds interdependencies 
between different stimuli conditions. For example, the stimulus absence in HC textiles involves the 
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drying of the textile sample, thus pace change is also related to temperature, light exposure condition, 
as well as textile substrate properties. 

Conclusions 
Stimuli variables are an important consideration in smart textiles design, as they are responsible 

for triggering textile behaviour, as well as affecting how textile expressions evolve overtime. 
The research conducted provides a framework that articulates relationships between stimuli 

magnitude and dynamic qualities of smart textile behaviour, with stimuli-sensitive colourants. 
Through this process, the framework can be extended over research with other variables that play an 
active role the textile performance as well as with other smart materials.  

The findings also contribute to understanding of chromic materials properties and behaviour, 
which enable designers to further explore different rhythms of change, designing dynamic and 
interactive textiles. 

Future work encompasses development of research prototypes to demonstrate colour change 
effects and potential to design textile behaviour with distinct dynamic qualities. It is also of crucial 
importance to combine this qualitative study with quantitative analysis of colour change, dependent 
on stimulus magnitude variable, through colourimetric measurements. 
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Abstract. The field of smart textiles has been steadily growing throughout the last decades. 
Wearables and garments with integrated electronics being one of the major sections of this area. One 
of the components that virtually any such product has is a power source. This paper focuses on one 
such option, which employs only non-toxic materials, which can be safely used in close proximity to 
human body. The paper builds on previously developed flexible textile aluminium-air battery 
prototype. New electrical measurements are provided, which show possibilities and limitations of the 
developed primary battery, as well as niches, where it can be used. This paper focuses on testing the 
battery in real-world application conditions, by repeatedly activating and deactivating it for short 
periods of time in order to test its useful life period. From that point useful practical applications can 
be determined, which take into account limitations of the battery. The measurements show that the 
battery is best suited for use in emergency and alarm systems, where the system is activated for 
relatively short period of time in order to change system’s state or transmit an alarm message. Some 
examples are smart diapers with smart monitoring capabilities and anti-drowning safety bracelets. 

Introduction 
Wearable/smart textiles are still an active research topic in scientific community, but are 

uncommon for consumers because of limited availability in retail stores. This is due to the relatively 
small number of products, and one of the reasons for that could be difficulties with industrial 
production, with the complex integration of sensors and energy sources into textile materials. Both 
electronic components and energy sources (usually electrochemical batteries) must be integrated into 
the textile, and they must all be interconnected with conductive lines. It poses numerous challenges, 
and in this study we focus on one of them, which is related to power supply. We propose a safe 
human-friendly energy source, which contains no harmful or dangerous substances, uses relatively 
cheap materials, which can be disposed of with the textile product. 

The study has started in 2016, when we were working on the development of enuresis alarm 
system, in which electronic elements were integrated, using embroidery technology [1]. The original 
prototype used an Li-ion secondary battery, which was integrated directly into child’s shirt. This 
raised concerns due to safety issues, so the new goal was to develop an energy source, that would 
contain no harmful substances and that would be easily to integrate into textiles. During this study, 
the idea of using a battery based on aluminium-air technology was first tested. 

An aluminium-air cell is a promising battery technology, in which aluminium anode oxidation and 
atmospheric oxygen cathode reduction is used to produce electricity. These batteries have one of the 
highest energy densities, which however is difficult to obtain practically because of a number of 
challenges, mostly related to aluminium reactivity [12]. Besides that, aluminium is much cheaper 
than materials commonly used in other popular battery designs, e.g. lithium. 

After a few iterations the final battery design was developed [2, 3]. The battery is made of only 
textile materials, combined using embroidery technology, and is integrated in inactivated “dry” state 
– without the electrolyte. This makes it possible to store the battery for indefinite time before it is 
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activated by adding liquid electrolyte from the outside. As a result, the first prototypes of flexible 
textile batteries were made and tested to prove the applicability of the technology. The results were 
positive and can be studied in detail in previous papers [4]. Based on the obtained results, a patent 
has been applied for [5]. Besides the dry battery design used in this paper because of the requirements 
of the original product, a number of other designs of flexible and textile batteries are available as 
well, for example see [6, 7, 8, 9]. 

Structure of the Battery 
The structure of the primary cell in shown in Fig. 1. It utilizes only textile-based materials: Mtex® 

aluminium-textile composite fabric is used for aluminium anode; cathode current collector is made 
using Shieldex® Budapest fabric, which is 99% pure silver-plated polyamide fabric. Silver plating 
makes it particularly resistant to oxidation; outer shells are made of common cotton fabric, which 
ensures necessary tactile characteristics of the whole package. Optional NaCl can be added to the air 
cathode. Its use and concentration should be evaluated based on the liquid, which is expected to 
activate the battery. Should its ion concentration not be enough to act as an electrolyte, NaCl should 
be added accordingly. The distance between the anode 1 and cathode current collector 2 is determined 
by the thickness of carbon granule layer 3 and is just around 2 mm, which was maintained the same 
for all the cells produced. 
 

 
 

Fig. 1. Flexible textile Al-Air battery cell 
1 – aluminium anode, Mtex® aluminium-textile composite material; 2 – cathode current collector, Shieldex® Budapest 
conductive textile; 3 – carbon granule and optional NaCl mixture to increase its concentration in electrolyte; 4 – cotton 
enclosure of the cell; 5 – cotton enclosure of the cathode; 6 – sewn joints; 7 – activating liquid from outer environment 

that is applied to the cell and that acts as an electrolyte. 
 

The developed cells can be combined into multi-cell batteries in order to reach necessary electrical 
characteristics. The modular design of the battery enables one to choose an arbitrary number of cells 
and their arrangement on the plane. Since one cell of the chosen type produces about 0.7V, a number 
of prototypes has been produced each made of 4 cells, connected in series. This arrangement should 
quadruple the potential and give an output voltage of about 2.8V, which is enough for most low-power 
semiconductor electronics and sensors. 

 
Fig. 2. Multi-cell battery design, side view 
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Fig. 2 shows the basic diagram for cell arrangement on plane. Three different prototypes have been 
prepared with 1x4 or 2x2 cell arrangement, see Fig. 3 and 4. The cells are arranged on a plane and 
are adjacent to each other in a way that the cathode of one cell overlays the anode of the next cell. 
Since the materials are textile-based, the connection is made by sewing the electrodes together with 
conductive thread.  
 

 
Fig. 3. Prototypes of multi-cell flexible textile Al-Air batteries with 1x4 cell arrangement 

 

 
Fig. 4. Prototype of a multi-cell flexible textile Al-Air battery with 2x2 cell arrangement 

 

 
Fig. 5. Inner structure of a multi-cell battery with sealant applied 

 
The cells are incapsulated into two layers of non-permeable fabric, using commercially available 

seam sealer. The lower layer is made of solid rectangular piece of fabric and the upper layer is made 
of the same fabric with four openings that allow electrolyte to reach the cells. The sealant is applied 
on the cathode/anode connection area and around the cells, in order to insulate them. The fabric has 
hydrophobic coating, which minimizes electrolyte accumulation on the upper layer of the battery and 
detrimental connection bridges, as well as it enables the electrolyte to be distributed among the cells. 
On the other hand, the enclosure of the cathode (pos. 5, Fig. 1) is made of permeable cotton. Thus, 
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the electrolyte (pos. 7, Fig. 1) can be poured directly on the battery. Afterwards it travels through 
cathode enclosure and cathode current collector (pos. 2, Fig. 1) to reach the aluminium anode (pos. 1, 
Fig. 1), which activated the battery. The only non-insulated electrodes are the anode of the first cell 
and the cathode of the last cell, which are the poles of the multi-cell battery. Inner structure of the 
battery can be seen in Fig. 5. 
 
The advantages of the developed battery over traditional alternatives can be summarized as follows: 

1. Conventional metal elements (anode, cathode) replaced by human-friendly textile-based 
materials. 

2. Thanks to the use of textiles, automated embroidery technology can be used in the production 
of the prototype, allowing the battery to be assembled and connected to peripheral elements. 

3. Unlike lithium-ion batteries and other commercially available electrochemical energy 
sources, there are no harmful or hazardous substances. 

4. Unlimited storage time before activating the element. Aluminium-air batteries are one of the 
fastest growing areas and is among the promising technologies that might replace lithium-ion 
technology. One of the biggest obstacles is the rapid oxidation and degradation of aluminium. 
The proposed technology eliminates this problem by postponing the introduction of 
electrolyte until the moment when the battery needs to be activated. 

5. The amount of energy obtained is greater than that of non-chemical (mechanical, 
photoelectric) energy sources of similar size/weight and is sufficient to operate semiconductor 
devices immediately after activation. 

The proposed design enables to use the battery as a self-energized moisture sensor – the element 
is energized when the liquid is introduced and starts to generate electricity, so does not need an 
external power supply. An important novelty is the textile materials used, which replaces the 
conventional aluminium- and silver-containing materials, resulting in a human-friendly, flexible 
product. Another novelty is the size and shape of the sensor/battery, which can be arbitrary arranged 
and made suitable for installation in diapers. A special cathode unit was designed, which ensures 
optimal supply of oxygen molecules for the redox reaction, and incorporates a current collector made 
of Ag textile and carbon granules. Another important innovation is the battery manufacturing 
technology – it is made with an embroidery machine using embroidery technology, which means that 
the battery parts are assembled using threads. Conductive threads are used for inner battery 
connections. 

Study of Battery Behaviour in Realistic Applications  
According to previous results [4], the battery can be practically used for relatively short periods of 

time, measured in dozens of minutes or a few hours at most. See Fig. 6 and 7 for more details. These 
figures show the battery voltage and current change over time with 22Ω load applied. The 22Ω load 
was chosen arbitrarily, with the rationale being that it constitutes a sufficiently high load to limit the 
battery operating time. For the experiments shown in Fig. 6 and 7, the battery was connected to 
PicoScope 3204B digital oscilloscope for voltage measurements and Extech EX330 multimeter for 
current measurement. Subsequently 2.8M sodium chloride water solution was applied to the battery 
(until it was soaked). Measurements were taken 5 minutes apart during the first 30 minutes and 15 
minutes apart until the end of the experiment. 

Thus, the battery is not suitable for continuous operation, but only for applications, where it needs 
to be activated for a short period of time in order to activate an alarm unit or transmit a signal. 
Examples are smart diapers, anti-drowning safety bracelets, textile sensors wrapped around 
underground pipes, thawing alarm for frozen foods, which changes the state of an e-ink display in 
case of freezing equipment failure etc. 
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Fig. 6. Voltage change over time of a 4-cell battery with 22Ω load applied 

 

 
Fig. 7. Current change over time of a flexible textile battery with 22Ω load applied 

 
Taking into account this limitation, it would be advantageous to know how many times a battery 

can be repeatedly activated and deactivated (by flushing an electrolyte or separating the anode). In 
order to answer this question, the following experiment has been designed. 

 
Experiment plan: 
Objects being tested: 1x4 battery prototype, 2x2 battery prototype was skipped due to reasons 
explained below. 
Steps of the experiment: 

1. Initial voltage (V) and current (mA) of the battery are measured. 
2. Battery is flushed with fresh water in order to slow down redox reaction. 
3. Battery is activated by applying saline solution, which acts as an electrolyte. 
4. Voltage (V) and current (mA) of the battery are measured. 
5. Battery is kept active for three minutes. 
6. Voltage (V) and current (mA) of the battery are measured. 
7. Battery is flushed with fresh water in order to slow down the redox reaction. 
8. Battery is kept in inactive state for five minutes. 
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9. If the measurements have not dropped under usable limits, go to step 3, otherwise stop he 
experiment. 

Results of this experiment are shown in Fig. 8 and 9. 
Only results for prototype with cell arrangement of 1x4 are shown on the diagrams. The reason is 

that the performance of battery with configuration 2x2 is subpar, as is shown in Fig. 10. Most likely 
this can be explained by defective assembly, since there are no reasons for the configuration itself to 
introduce any disadvantages. The experiments shown in Fig. 10 were conducted using a setup similar 
to that described in the beginning of this section – 2.8M sodium chloride water solution was applied 
to the battery; afterwards open-circuit/short-circuit voltage and current were measured, along with a 
number of intermediate resistances in order to obtain the intermediate points of the graph. 
 

 
Fig. 8. Repeated activation of battery, Voltage 

 

 
Fig. 9. Repeated activation of battery, Current 

 
The first column of Fig. 8 and 9, marked as “Cycle 0” shows the initial characteristics of the 

battery. This is followed by three groups, each containing two bars. The first, darker bar, indicates 
measurement at the start of the cycle, the second, lighter bar, indicates measurement after three 
minutes, at the end of the cycle. At the start of Cycle 3 voltage has dropped about twice, so it was 
decided to end the experiment there. 
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Fig. 10. V-I curve of the three prototypes 

Possible Applications/Commercialisations  
As was mentioned before, one of the possible applications of the proposed battery/sensor is 

integration into smart diapers with moisture monitoring system. The battery should be inserted into 
the 3rd moisture absorbent layer, in order to be activated when the diaper is full and needs to be 
changed. The battery is connected to alarm unit, which either gives a visual indication or sends a 
wireless signal to the receiving unit (Fig. 11). 
 

 
Fig. 11. Smart diaper with monitoring system 

 
The idea of determining the moisture level of diapers is not new. Relatively common are chemical 

indicators that are integrated into diapers and show when they need to be changed. Determining the 
humidity level has financial benefits too, because it allows to make full use of diapers and reduce 
waste and costs. 

Currently two types of smart diapers are available on the market and in research studies: 1) with 
an external moisture sensor – these are commercialized and available on the market; 2) with diaper-
integrated sensor or self-energized sensor, which currently are found in scientific studies, but not as 
commercialized products. Various researchers have proposed to integrate wetness sensors into 
diapers. Researcher from Tokyo University have developed a wet sensor and control chip based on 
chip printing technology, which is powered by an external battery for diapers [10]. Researchers from 
Sweden Johan Sidén, Andrei Koptioug and Mikael Gulliksson have proposed to create a diaper 
sensor/battery with inkjet printing technology, with the sensor inside and the other elements (antenna 
and chip) attached to the diaper from the outside [11]. 
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Several smart diaper products with electronic diaper moisture indicators have also appeared, some 
of which are: O'PRO9 Adult SmartDiaper, DiaperSens Adult Diaper, Geecare Smart Baby Diaper, 
Pampers Lumi, etc. All these diapers have an external module that is attached to the front of the diaper 
and is removed and replaced with new diapers when replaced. These modules contain a chemical 
battery and measure moisture from the outside by determining the surface moisture. In the diaper 
design that is made possible by using the battery proposed in this paper, the sensor/battery can be 
integrated into the last, 3rd layer, which usually is filled with moisture to a critical level after about 
4-5 wetting times, when the diaper should be replaced with new one. This means that the 
sensor/battery must detect moisture and report it. 

Another possible application of the proposed sensor/battery is integration into a smart water safety 
bracelet that will warn parents about child’s hand coming into contact with water (which can indicate 
sudden immersion in water). Information about the wetting of the bracelet can be transmitted to the 
receiver wirelessly, using an integrated antenna. The experiments presented in previous section and 
shown in Fig. 8 and 9 indicate that such a device can be activated about three times, before the battery 
needs to be restored, e.g., by replacing the aluminium anode. 

Results and Discussion  
This paper is based on previous research made in the field of power sources for smart textiles. It 

focuses on determining electrical characteristics of the developed batteries, when they are used in 
real-world applications. 

 

The battery has a number of advantages, such as: 
1) the battery is made entirely, using traditional textile technology (sewing, embroidery) includes 

only textile-based materials, providing greater flexibility and fusion with textile materials; 
2) the four-cell battery is capable of producing 3V upon activation, which enables it to power 

semiconductors without the need of additional voltage conversion or energy accumulation; 
3) the proposed batteries can be integrated into smart textiles and can stay in inactive state for 

unlimited time (with electrolyte separated from electrodes), before liquid is introduced to 
activate the battery; 

4) this type of battery shows great potential as energy storage solutions for different applications 
in healthcare products, cold storage, safety products etc. 

 
Several important limitations have been determined as well: 

1) short-term use – battery stays in usable state for 20-30 minutes – enough for emergency 
activation, but not suitable for long-term powering of electronic devices; 

2) use for single activation applications (or not more than 2-3 activations) - e.g. enuresis alarms, 
smart diapers, drowning alarm bracelets, frozen product thawing alarms, underground pipe 
leakage alarms. 

As can be seen, the developed battery is not of universal type, it has some advantages, as well as 
limitations. Thus, this should be taken in consideration when deciding on a possible application or 
suitability of the battery for a particular product. Although it should be kept in mind that the battery 
can be restored, e.g., by replacing the deteriorated aluminium anode. 

Conclusion 
This paper deepened the understanding about the characteristics and behaviour of the developed 

flexible textile Al-Air batteries in real-world situations. The battery has obvious advantages, but 
several important limitations have been highlighted as well. This data makes it easier to decide on the 
applicability of the proposed battery for a particular system. Most promising areas of application are 
emergency systems, which are characterized by long stand-by times and short activity times upon 
activation. A number of examples are presented in the paper as well. 

Further plans include developing a carbon ink for screen-printing and replacing the carbon granule 
layer with printed layer in order to reduce thickness. 
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Abstract. This work aims to analyse the effect of plasma and alkaline pre-treatment to improve the 
adsorption of GNPs onto 100% cotton knits. For this purpose, in one approach, 2% GNPs were 
dispersed in an aqueous/ethyl-based solution, in another approach the same concentration of said 
nanoparticles were dispersed in different % of PEG (10%, 30% and 50%, w/ v). The functionalised 
samples with and without plasma pre-treatment were characterized by Field Emission Scanning 
Electron Microscopy (FESEM), Contact Angle, Ground State Diffuse Reflectance (GSDR), and 
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). Electrical and 
washability properties until 10th wash cycles were also evaluated. The dopped samples obtained 
semiconductor values, and the ones that received the plasma treatment became hydrophilic, which 
contributed to excellent absorption bands.  However, it is necessary to carry out more in-depth studies 
that contribute not only to better adsorption, as well as an adequate anchoring of nanoparticles in 
textile substrates. 

Introduction 
The history of fibrous structures is analogous to the Homo sapiens survival on Earth, who used 

them as a body layer of protection against the bad weather, acting as a second skin. Adding to the 
quality of protection, these fibrous structures have undergone substantial changes in the last 50 years 
regarding their functionalities and properties, such as the ability to capture biochemical and physical 
signals from the human body, as pressure [1, 2, 3, 4]. In line with this perspective, the concept of 
smart textiles appeared, which relates to textiles that can detect and sometimes react to different 
stimuli. Beyond that, there is a substantial increase on the need of smart textiles with medical 
applicability, which, in addition, need to include safety standards, such as the required cytotoxicity 
parameters  under the ISO 10993 norm [5]. 

Fibrous matrices in their conventional form do not present responsiveness characteristics, thus 
they need to be functionalised, to act as identifiers of any stimulus. This functionalisation can be 
accomplished through chemical or physical processes and, in many cases, nanoparticles arise as a 
promising material to grant such functionalities to textiles. When it comes to detecting physical 
signals, as body pressure, carbon-based materials are an adequate resource, mainly due to their 
thermal and mechanical properties, along with their piezoresistive behavior, that is, the ability to 
change its electrical resistance from a mechanical deformation.  Among these, graphene nanoplatelets 
(GNPs) have a more affordable price when compared to other carbon-based materials, making it more 
applicable on an industrial scale [6, 7]. However, two points need to be highlighted when it comes to 
chemical functionalisation in textile substrates, in this case with GNPs: first, it is noteworthy that due 
to the Van der Waals forces, the GNPs are less stable, tending to a difficult dispersion [8]; on the 
other hand, when dealing with textiles based on natural fibres, such as cotton, the hydrophobic 
impurities found in their cuticle layer, especially waxes, affect the uptake of dyeing and finishing 
solutions [9]. 
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In view of the above, there is a growing economic and environmental demand to find solutions so 
that the textile finishing industry can make substrates more adsorptive, reinforcing their 
functionalisation efficiency through low % of the specified material, as exemplified by Ribeiro et. al 
[10], avoiding the waste of NPs in the bath, while it is possible to reduce the production of wet 
chemical residues in the production chain. In line with this perspective, the state of the art has 
presented plasma treatment as an important alternative to meet such specified demand [11, 12, 13]. 

Plasma treatment is a surface treatment of different materials that takes place from the equal 
discharge of positively and negatively charged particles [11]. Treatment with oxygen plasma in 
textiles produces radicals, functional groups, and increases the roughness textile surface due to ionic 
bombardment, which tends to increase their wettability, thus improving their adsorption capacity in 
processes of coating. Dielectric barrier discharge (DBD) is faster and more environmentally friendly 
than chemical surface modification techniques, that act exclusively on the surface of the material 
without affecting the volume properties. Beyond, when the DBD plasma is operated in air, without 
the use of expensive carrier gases, this technique is very economical [10]. Some studies address this 
issue and indicate that since such treatment is a solvent-free technique, it can be an alternative to wet 
pre-treatment methods [12]. 

Thus, this work aims to study the effect of DBD plasma technique on the adsorption of graphene 
nanoplatelets to cotton substrates. For this, we firstly carry out a comparison between plasma and a 
conventional wet pre-treatment widely used in the finishing industry, namely the alkaline treatment. 
Then, we verify whether the influence of the plasma treatment is valid when the substrate is 
functionalised in two different solutions: in aqueous/ethyl base, and in polymeric base, more 
specifically in different % of polyethylene glycol (PEG).  

Experimental  
Materials and methods 

Materials. The fabrics used in this work were made of 100% cotton fibres (CO), with a mass per 
unit area of 145.6 g/m2 and a thickness of 0.48 mm, provided by Impetus (Barqueiros, Portugal). The 
GNPs used were provided by Graphenest (Aveiro, Portugal), with 8-30 layers, a thickness of 3-10 
nm, and layers’ lateral dimensions of 0.5-0.2 µm. PEG with molecular weight of 35,000 g mol−1, 
were provided by Sigma Aldrich (Germany). As solvents, distilled water and ethanol 96 % (Portugal) 
were used. For the alkaline fibre pretreatment, Sodium hydroxide (99% NaOH) was purchased from 
Normax Chem (Marinha Grande, Portugal).  

Fabrics pre-treatment. In one approach, 100% CO knitted fabric specimens were submitted to 
an alkaline pre-treatment. To execute this procedure, the knitted fabrics were immersed in an aqueous 
solution with NaOH (1M) and kept there for 60 minutes under stirring by orbital shaker. At the end, 
the samples were washed under running water to remove all residues and dried for 60 min at 80 ◦C. 

The DBD plasma treatment was performed at atmospheric pressure and room temperature in a 
semi-industrial prototype machine (Softal GmbH/University of Minho, Guimarães, Portugal), using 
metal electrodes coated with ceramic and counter electrodes coated with silicon. The electrodes, with 
a 50 cm effective width and gap distance of 3 mm, produced the discharge at low frequency (40 kHz) 
and high voltage (10 kV). The speed of the machine and discharge power of the electrodes could be 
modified, with a maximum speed of 60 m·min−1 and discharge of 1.5 kW. In this study, the machine 
was operated at 1 kW power and a velocity of 4 m·min−1, and the samples were subjected to five 
discharge cycles on each side of the substrate. 

Functionalisation of the fabrics with graphene nanoplatelets. In one approach, powdered GNPs 
(2% w/v) were added to a solution composed of 70% distilled water and 30% ethanol under magnetic 
stirring and kept at 350 rpm overnight, followed by 30 minutes in an ultrasound bath. In another 
approach, different concentrations of PEG (10%, 30%, and 50% w/v) were slowly added to distilled 
water under magnetic stirring at 200 rpm for 3 hours. After the PEG has been properly dissolved, 2% 
GNPs were added to the previous solution under magnetic stirring and kept at 200 rpm overnight, 
followed by 30 minutes in an ultrasound bath. To summarise, 4 solutions were obtained (1 in 
aqueous/ethyl base and 3 in PEG base). The samples were divided into 3 groups: those that received 
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alkaline pre-treatment, those that received plasma pre-treatment, and those without any type of pre-
treatment. The three groups of knitted fabrics were functionalised by the dip-pad-dry method, where 
5 consecutive impregnations were carried out with a roller pressure of 80 Pa, followed by drying in 
an oven at 100 ◦C for 10 min. This method is diagramed in (Figure 1) 

 

 
Figure 1. Illustrative scheme of the dip-pad-dry impregnation method on the different samples 

Sample characterization   
Field Emission Scanning Electron Microscopy (FESEM). In order to study the impregnation 

and the degree of dispersion of the GNPs into the knitted substrate, FESEM analysis was carried out. 
The surface morphology and cross sections of the samples was analysed by FESEM using the NOVA 
200 Nano SEM equipment from FEI Company (Hillsboro, OR, USA). All samples were sputter-
coated with a palladium-gold (Pd-Au) film (20 nm) to make them conductive.  

Ground-State Diffuse Reflectance (GSDR). In addition to validating the presence of GNPs in 
the knitted fabric, GSDR was performed to identify differences in the absorption spectrum for 
functionalised samples that received the aforementioned pre-treatments. The knitted fabric samples’ 
GSDR spectra were recorded in the 200 to 800 nm wavelength range, using a Spectrophotometer UV 
2501PC Shimadzu. Each sample was analysed in three different places to ensure homogeneity. The 
remission function (F(R)) was calculated according with the Kubelka-Munk Eq.1: 

      𝐹𝐹(𝑅𝑅) = (1−𝑅𝑅)2

2𝑅𝑅
= K

𝑆𝑆
 .                                                                                                                     (1) 

 
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). 

Chemical composition of the knitted samples was studied by ATR-FTIR analysis using an IRAffinity-
1S, SHIMADZU equipment (Kyoto, Japan). Each spectrum was obtained in transmittance mode 
using a diamond ATR crystal cell by accumulation of 45 scans with a resolution of 4 cm−1 from 400 
to 4000 cm−1. 

Water contact angle. To evaluate the hydrophobic character of the cotton knitted, without pre-
treatment, with alkaline treatment and with plasma treatment, WCA measurements were performed. 
For this, a contact angle system was carried out through the Dataphysics instrument (Filderstadt, 
Germany), coupled to a high-resolution camera, using OCA20 software (Germany). A volume of 5 
µL distilled water was dispensed from the syringe onto the fibrous substrate’s surface. For each 
sample, the contact angle was measured at 10 different locations, and the average and standard 
deviation for each test were calculated.  

Electrical Resistance test. To verify the electrical resistance values of the functionalised samples, 
with and without GNPs, the I-V curves (electric current intensity – voltage curves) method was 
performed. For this purpose, an electrical source (Keitley 487 Picoammeter/Voltage Source), 
applying a potential difference between -0.8 V to 0.8 V with a step of 0.1 V at room temperature, was 
connected to the specimens by conductive electrodes. This set-up is composed of 4 conductive copper 
plates with an area of (5x10 cm2), and an electrode distance of 2 cm. The samples have an area of 
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10x10 cm2, and they are sandwiched by the electrodes. The electrical resistance values were 
determined by the slope of the I-V curves. 

Durability test: wash fastness. In order to quantify the stability of the samples to the domestic 
washing process, they were subjected to 10 washing cycles, and at the end of the 5th and 10th, their 
electrical resistance value was measured according to the method described previously. The 
procedure was carried out in accordance with the standard ISO6330–Textiles, Domestic washing and 
drying, procedures for textile testing. 

Results and Discussion   
Morphological Characterization. Considering the possible changes caused in the textile substrate 
topography by the pre-treatments, SEM observations were important. The appearance of cracks and 
grooves in the order of 2 µm in the samples with plasma treatment can be explained by the presence 
of H and OH species in the DBD plasma discharge, causing extensive etching of the surface, and 
leading to the formation of microcraters, as previously noted by Molina, R. [14]. It is also possible to 
observe an increase in roughness in the samples that received the corrosion treatment with NaOH, 
due to the extraction of low molecular weight materials and the presence of lignin in them [15]. 
Otherwise, cotton fibres without treatment present a smoother appearance, as can be seen in  
Figure 2. 

 

 
Figure 2. FESEM images of a) 100% CO knitted fabric surface; b) 100% CO knitted fabric surface with 

alkaline treatment; c) 100% CO knitted fabric surface with plasma treatment 

Physicochemical characterization. In order to evaluate the hydrophobicity of the knits in 
question after said pre-treatments, water contact angle measurements were carried out (Figure 3). 
According to the literature, hydrophilic surfaces have a contact angle below 90 degrees, while 
hydrophobic surfaces have a contact angle larger than 90 degrees. In addition, surfaces with over 150 
degrees of contact angle are considered super hydrophobic [16]. 
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Figure 3. a) Representative image of the knitted fabric hydrophobicity; WCA measurements of b) the knitted 
withou pre-treatment; c) the knitted fabric with alkaline pre-treatment; d) the knitted fabric with plasma pre-

treatment 

The 100% cotton knit without any type of treatment is superhydrophobic (WCA 179.8º ± 0.1225), 
which can be explained considering the presence of hydrophobic elements such as lignin and waxes. 
After receiving the alkaline pre-treatment, a not very significant reduction occurred with respect to 
this property (WCA 168.84º ± 6,8200), in addition to presenting a high standard deviation. This fact 
may indicate that the crystalline region of lignocellulose was not deeply destroyed, in addition, it can 
be related to the exposure time and the concentration of NaOH used, as previously stated by Wang et 
al.[17]. However, after receiving the plasma discharge, the knit became superhydrophilic, as the 
liquid spreads almost to a zero-contact angle on the textile surface. This behavior can be explained 
by the partial decomposition of the hydrophobic layer, causing the formation of new hydrophilic 
groups on the surface, that increase the surface energy value and, therefore, the decrease of contact 
angles [12]. In this regard, plasma treatment proved to be the most effective. 

After chemical and physical pre-treatment of the cotton knits, the functionalisation was performed 
with the abovementioned GNPs.  The Kubelka–Munk remission functions (Figure 4), show an evident 
formation of a new peak at approximately 255 nm in all functionalised samples, which differs from 
the control sample. It has been previously reported that the presence of these peaks is associated to 
the π→π* transition of C=C bond in graphitic structure of GNPs [18]. In this sense, this result 
confirms the incorporation of said nanoparticles on the knitted fabric surface. Furthermore, there is 
an increase in the absorption band of all functionalised samples, which indicates a reduction in the 
reflectance band. Such behavior is occurring considering that GNPs are dark pigments in nanoscale, 
with low reflective index. Furthermore, for the samples doped with GNPs in solutions with 10% and 
30% PEG (w/v), there was no significant difference in the absorption bands for those that received 
pre-treatments. However, for samples functionalised with the solution made with 50% PEG and for 
samples functionalised with aqueous + ethyl base, there was a significant difference in the absorption 
band relative to the pre-treatment used. For the former, a superior absorption band is visible for 
alkaline pretreatment, while for the latter, a superior absorption band is patent for plasma treatment. 
This is in line with previous reports that show a more efficient cotton surface modification upon the 
addition of (deuterated) water on DBD atmospheric pressure plasma, when compared to a plasma 
treatment, which is due to the incorporation of polar functional groups on the cotton surface [14]. 
Therefore, in addition to indicating a greater absorption range for the plasma-treated sample, it may 
justify larger Remission Function F(R) for aqueous and ethyl-based solutions, when compared to said 
polymer-based solutions. 

 

Solid State Phenomena Vol. 333 121



 

 
 

 
Figure 4. GSDR spectra of a) samples functionalised with 2% GNPs in 10% of PEG; b) samples 

functionalised with 2% GNPs in 30% of PEG; c) samples functionalised with 2% GNPs in 50% of PEG, and 
d) samples functionalised with 2% GNPs in aqueous/ethyl solution 

The cotton knit ATR-FTIR spectrum (Figure 5) shows the presence of the typical bands of natural 
cellulosic fibers: cellulose, hemicellulose and lignin. The band appearing at approximately 1028cm-1 
can be attributed to the asymmetric C-H stretching vibration of cellulose and hemicellulose [9]. In 
turn, the peak at 1315 cm-1 can be associated to the CH wagging [9, 12], and the one at approximately 
3334 cm-1 to the O–H stretching, both related to the hydroxyl groups from cellulose and lignin [20, 
21]. The peak around 2895 cm-1, corresponds to symmetric CH2 stretching: long alkyl chain, and is 
related to the cotton impurities, such as waxes and pectins [19, 22]. The FTIR spectra did not show 
significant differences between the knitted fabrics with treatments and without any type of treatment, 
which can be justified by the fact that this technique only measures the bulk composition of fabrics. 
Waxes and pectins from non-cellulosic components are located at the cuticle and primary wall of the 
cotton fibers, and plasma and alkaline treatment act exclusively on the material surface without 
affecting the bulk properties [15]. Regarding the samples functionalised with GNPs dispersed in 
aqueous and ethylic solution, the peak located at approximately 2112 cm-1 is reinforced and can be 
associated with the spectrum of powdered GNPs.  

When comparing the spectroscopy of the CO knitted samples functionalised by the PEG + GNPs 
solution, with the pristine CO, the characteristic peaks of the natural fiber remain, as well as the peak 
corresponding to the GNPs. The peak previously located at 1028 cm-1  have been moved slightly to 
the right, and can be attributed to the -CH out-of-plane bending vibrations of PEG [22]. In addition, 
the peaks located at approximately 1340 cm-1, 1278 cm-1, and 1240 cm-1, are due to CH, CH2 and 
CH3 bending vibrations, respectively [23]. It is noteworthy that the peaks located at 2895 cm-1, 
intensified in samples functionalised with solutions made with 30 and 50% PEG, which may indicate 
that the bonds are strengthening from these concentrations. 
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Figure 5. ATR-FTIR spectra of a) samples functionalised with 2% GNPs in 10% PEG;  b) samples 

functionalised with 2% GNPs in 30% PEG; c) samples functionalised with 2% GNPs in 50% PEG; d) 
samples functionalised with 2% GNPs in aqueous/ethyl solution  

Electrical Resistance Characterization. The electrical resistance of textile substrates is directly 
related to their water absorption mechanisms [24], as well as the specific area of the fibres used in a 
fabric construction [25]. In this sense, a study by Wang et. al relates the electrical resistance values 
of cotton and polyester, and shows that since cotton is a material with hydrophilic properties that 
rapidly absorbs and diffuses water through the fibre, its electrical resistance values are lower when 
compared to the aforementioned synthetic substrate [25]. Furthermore, the results presented by the 
author indicated that cotton knitted has electrical resistance values in the order of kΩ, which varies 
according to their Moisture regain (M). The higher their moisture recovery rate, the greater their 
electrical resistance. In line with these previous results, the value of 1.67 x 10 kΩ is identified for the 
100% CO knitted fabric (pristine CO) analysed under this work, (Figure 6). Therefore, we proceeded 
with the analysis of the electrical resistance of cotton knits submitted to functionalisation in polymeric 
and aqueous/ethyl base (so far without the addition of nanoparticles). When cotton knitted fabrics 
were doped with different concentrations of PEG, lower resistance values were observed for all 
samples that received alkaline pre-treatment. This result may indicate that, in addition to PEG 
contributing to the reduction of electrical resistance values, when compared to plasma treatment, 
alkaline treatment made the substrate more reactive for PEG bonds.  

For samples functionalised with aqueous/ethyl-based solution, a lower electrical resistance value 
is found for samples that received the plasma treatment. This result confirms the data obtained in the 
Ground-State Diffuse Reflectance and Contact Angle of this sample, considering that polar functional 
groups on the surface of the cotton substrate by the addition of water, added to the plasma discharge, 
make the cotton knitted fabric more adsorptive and hydrophilic, therefore, contributed to their 
electrical resistance value reduction (Figure 6) 
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Figure 6. Electrical resistance values of samples functionalised with PEG solutions at different 

concentrations, and with the aqueous/ethyl based solution, pre-treated with the aforementioned methods that 
are being analysed in this study. 

In addition, we sought to identify changes in electrical resistance values from the addition of 2% 
GNPs in the samples. For specimens in which GNPs were dispersed in PEG solutions, the alkaline 
treatment also presented lower electrical resistance values, namely 3x109 Ω, 2x109 Ω, 2x109 Ω, for 
10%, 30% and 50% PEG, respectively. This result also indicates that 30% and 50% of PEG are more 
suitable concentrations for better dispersion of said nanoparticles. For samples that were doped with 
GNPs dispersed in aqueous/ethyl solution, 3x109 Ω and 3x1010 Ω of electrical resistance values were 
obtained for those with alkaline and plasma pre-treatment, respectively. This last value may indicate 
that, although the plasma treatment has reduced the electrical resistance value of the substrate when 
compared, under the same conditions, to the alkaline treatment, these GNPs may not have properly 
dispersed in an aqueous/ethyl base, thus, increasing its electrical resistance value. 

In other words, for specimens with plasma treatment, the electrical resistance values increase as 
well as their absorption band, which once again indicates that the plasma treatment has played an 
important role in the enhanced adsorption of these nanoparticles when compared to the wet pre-
treatment. However, once again, as the GNPs are not properly dispersed, good electrical resistance 
values were not obtained. (Figure 7).  
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Figure 7. Electrical resistance values of 100% CO knitted fabrics, without pre-treatment, with alkaline 
treatment and with plasma treatment, functionalised with a) 10% PEG + 2% GNPs; b) 30% PEG + 2% 

GNPs; c) 50% PEG + 2% GNP; d) aqueous/ethyl solution + 2% GNP 

Durability test: wash fastness. In order to evaluate the resistance to washing, the samples were 
submitted to 10 test cycles that mimic the domestic washing procedure. After the 5th washing cycle, 
all samples showed similar electrical resistance values, in the order of 108 Ω, (Figure 8). This may 
suggest that, after undergoing a certain mechanical agitation, some nanoparticles moved to the surface 
of the fibrous substrate, a fact that contributes to better acquisition of electrical signals. Until the 10th 
cycle, they maintained a certain constancy in the range of values obtained and, from then on, the 
electrical resistance values were higher than the values obtained before washing, which may indicate 
the loss of said nanoparticles in the bath, which suggests that the samples have resistance up to the 
10th cycle.  
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Figure 8. Electrical resistance values after 10th wash cycles of the samples functionalised with a) 10% PEG 

+ 2% GNPs; b) 30% PEG + 2% GNPs; c) 50% PEG + 2% GNP; d) aqueous/ethyl solution + 2% GNPs 

Conclusion 
In this study, 100% CO knitted fabrics treated with plasma and alkaline treatment, were 

functionalised with 2% GNPs dispersed in polymeric and aqueous/ethyl-based solutions. These 
depositions were confirmed by the results of GSDR and ATR-FTIR. The results of SEM and contact 
angle showed that plasma treatment, by causing extensive etching of the surface, and leading to the 
formation of microcraters, made a substantial modification by making the knitted fabric more 
hydrophilic, when compared to a wet pre-treatment method, thus contributing to a better adsorptive 
property.  

In addition, cotton samples that received the plasma pre-treatment and that were doped with 
aqueous/ethyl-based solutions, showed more intense absorption bands compared to polymer-based 
solutions. This result proves a more efficient modification of the cotton surface with the addition of 
water (deuterated) added to the plasma DBD. However, it should be noted that alkaline treatment 
made the substrate more reactive for PEG bonds, which contributed to a better dispersion of these 
nanoparticles, as well as lower electrical resistance values.  

That said, the effectiveness of the plasma treatment in contributing to the improvement of finishing 
processes by making substrates more adsorptive is undeniable. However, it still cannot be seen as a 
replacement method for the conventional wet method. 

Within the scope of this research, new tests will be carried out with the alteration of the plasma 
discharge exposure time, as well as the insertion of gases. 
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Abstract. UV bonding technology’s biggest limitation is the need of a transparent joining part to be 
able to cure the adhesive with an external light source. This is to be solved with ribbon fabrics made 
with polymer optical fibres (POF) which guide the UV light into the adhesive bond. On the basis of 
previously published experiments, a set of POF fabrics with different thread densities and weft 
materials is evaluated optically regarding the emitted UV light intensity and mechanically regarding 
the shear strength of the adhesive bonds. A factorial experiment plan indicates that higher tensile lap-
shear strength comes with lower weft fineness and higher weft density. The maximum shear strength 
achieved was 8.3 MPa with potential room for improvement due to non-cohesive failure, relatively 
high weft densities and a comparatively low powered UV light source. 

Introduction 
An essential deficit of the adhesive technology is the long curing time of the adhesives. Besides 

properties such as dimensional stability, transparency, low shrinkage and a high chemical resistance, 
radiation-curable materials enable curing within seconds or minutes on demand [1]. There are two 
different types of radiation-curing mechanisms: radical curing and cationic curing [2]. In the case of 
radical curing, the light is absorbed by photoinitiators, which start a chain-growth polymerization 
based on radicals. In cationic curing systems, the radiated light is absorbed which releases reactive 
substances in the adhesive that initiate curing process. Despite the cationic process can proceed 
without further radiation, the radical curing process is advantageous due to the much faster curing 
times which is one of the essential benefit initially mentioned [3]. Most radiation-curing adhesives 
are cured at wavelength of 405 nm, 365 nm and below which is why they are also referred to as UV 
adhesives. UV adhesives are applied in many fields like electronics (e.g. for touch screens), industrial 
assembly (e.g. for solar panels) and glass bonding (e.g. for windshield repair) [4, 5]. However, all 
these application have in common that a transparent part is being bonded so that the adhesive can be 
cured with an external UV light source. Thus, according to the current state of the art, the use of UV-
curing adhesives is therefore not possible for two non-transparent joining parts which drastically 
limits their applicability [6, 7]. 

In order to use UV-curing adhesives in combination with non-transparent joining partners, 
polymer optical fibres (POF) are embedded in the adhesive to guide UV light into the adhesive joint. 
POF are usually bicomponent fibres made of transparent amorphous polymers which can guide light 
via the principle of total internal reflection (TIR) at the core-cladding interface [8]. Their typical 
applications are in short distance data transfer, sensor technology and illumination [9]. A potentially 
infinite light guidance is limited by losses in the POF. These can happen due to external causes during 
production like impurities or inhomogeneities in the fibre which cause scattering. But there is also 
inevitable attenuation caused e.g. by molecular vibration which leads to absorption of optical 
power [10]. Despite the lower attenuation of glass optical fibres, the focus has been laid on optical 
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fibre made of polymers since their mechanical properties like the Young’s modulus are closer to the 
ones of the adhesive which are polymers as well in their cured form. High differences in Young’s 
modulus would lead to stress peaks which weaken the adhesive bond [1, 11]. 

For the UV light to be emitted laterally into the uncured adhesive TIR must be hindered to a certain 
extent. This can be referred to as sidelight activation. There are different mechanisms like bulk 
scattering, bending, surface perforation and luminescence used for sidelight activation [12, 13]. For 
the purpose of curing UV adhesives, a trade-off between on the one hand a sufficiently intensive and 
on the other hand a sufficiently homogeneous lateral light emission from the fibre must be made. In 
case of a uniform sidelight activation, the attenuation losses and the side emission losses both 
exponentially decay the optical power guided in the POF. Therefore, the sidelight activation needs to 
be intensified with increasing distance to the light source to ensure uniform curing of the 
adhesive [14]. 

Previous experiments showed that typical POF diameters of 1.0 mm are too large for standard 
adhesive joints [6]. However, single POFs with a smaller diameter cannot transmit enough optical 
power and lead to too long curing times or insufficient curing. Therefore, as a new approach, a 
multitude of small-diameter POF in woven fabrics are further investigated as suggested in [6] (see 
Figure 1). This leads to new research and implementation questions besides the bonding process itself 
regarding how to weave the POF: POF as warp or weft, materials and fibre fineness (titre), weave, 
warp and weft densities etc. 

 
Figure 1: Schematic diagram of an adhesive bond using a woven fabric made of polymer optical 
fibres 

Materials and Methods 
In the following study, with regard to the process parameters mentioned, focus is laid on the 

influence of weft titre and density. For this purpose, two PET yarns with different fineness as well as 
two different weft densities for each yarn were used: 167 dtex, F036/2 by TWD Fibres GmbH, 
Deggendorf, Germany and 1110 dtex, F192 by BRILEN TECH, S.A., Barbastro, Spain. This 
corresponds to the design of experiment matrix in Table 1 to determine the influence of weft density 
and weft fineness on the radially emitted optical power and, based on this, on the achievable tensile 
strengths of an overlap bond. PET as weft yarn material was chosen due to its chemical polarity 
leading to a potentially strong adhesive bond [15]. Besides PET yarns are available in various 
specifications, usually cost efficient and recyclable. 

  
Table 1: Full factorial experiment plan with the parameters weft fineness and density being varied 

No. Weft fineness Weft density 
   1 167 dtex 7 /cm 
2 1110 dtex 5 /cm 
3 167 dtex 3 /cm 
4 1110 dtex 3 /cm 

To examine the fabric parameters mentioned above, the other parameters are left as constant as 
possible. Therefore, all fabrics were produced as plain weave fabrics. Moreover, a commercially 
available sidelight POF “VB-500P” by Asahi Kasei Corp., Tokyo, Japan was used as warp for all 
trials. It is a multi-core POF with 37 PMMA cores and has a total diameter of 0.5 mm. The weaving 
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trials were performed with a ribbon loom system “NH2 53” by Jakob Müller AG, Frick, Switzerland. 
The POF fabrics consist of 20 POF filaments resulting in a width of ~15 mm. They were cut in 
150 mm long probes. Over a length of 50 mm, the weft threads were removed in all probes in order 
to bundled the POF in a ferrule. Then the POF ends are polished. F-SMA905 connectors were used 
to ensure reproducible coupling to a DELOLUX50 UV LED spot lamp by DELO Industrie Klebstoffe 
GmbH & Co. KGaA, Windach, Germany (491 mW) respectively to a laser diode by InsaneWare-
Deluxe, Gladbeck, Germany (749 mW), both with a peak wavelength of 405 nm. Figure 2 depicts the 
fabric surfaces illustrating the different yarn titres and weft densities. 

 
Figure 2: Microscopy images of the surfaces of the four fabric types 

With one POF fabric four adhesion tests can be done because the non-transparent anodized 
aluminium test specimina are bonded on an adhesive area of 25 mm x 12.5 mm. A UV adhesive 
“Photobond FB4175” by DELO Industrie Klebstoffe GmbH & Co. KGaA, Windach, Germany based 
on a modified acrylate is used for the bonding tests. All test specimen are pre-treated with a Nd:YAG 
(neodymium-doped yttrium aluminium garnet) laser with 20 W at 1064 nm to improve the surface 
energy for adhesion. The adhesion procedure in five steps can be seen in Figure 3. 

  
Figure 3: 5-step bonding procedure: 1) the lower joining parts are positioned and the adhesive is 
applied, 2) the POF fabric is inserted and again an adhesive layer is applied onto the fabric, 3) the 
upper joining parts are positioned on top and fixed with weights, 4) the fabric is coupled to the light 
sources and the UV curing is done in a UV tight box (curing time of 5 minutes), 5) the individual 
adhesion samples are separated and subsequently tested. 
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A UV meter by Dr. Hönle AG, Gräfelfing, Germany was used to determine the UV intensity of 
the different fabrics. The aim is to compare the performance of the LED spot lamp and the UV laser 
diode in combination with the different fabric types. The tensile lap-shear strength was measured with 
a universal tensile testing machine Z010 by ZwickRoell GmbH & Co. KG, Ulm, Germany according 
to European norm DIN EN 1465. 

Results and Discussion 
The target value to be optimized is the achievable shear strength of an overlap bond which is 

measured and discussed for all four fabric types hereafter. Beforehand, the sidelight intensity of the 
fabrics as an intermediate parameter with a huge impact on the shear strength [6] is examined using 
a UV meter. 

Optical measurements. The test setup which was used for the optical measurements is shown in 
Figure 4. The intensity of the emitted UV light was recorded with a measuring head, which is 
positioned directly beneath the test fabric. For each test fabric, four measuring sections are defined at 
equidistant intervals of 25 mm which equals the sample width for the adhesive tests later on.  

 
Figure 4: Test setup and measuring spots for determination and comparison of the UV intensity, 
which is emitted by the different fabrics 

The UV meter measurements are shown in Figure 5. The optical intensity is plotted averaged over 
the four measuring spots. Both sides of the fabrics were measured, indicating that the difference 
between the top and bottom is negligible which is anticipated since the fabrics are plain weaves. Thus, 
there is an equal amount of POF on both sides. 

1234

25 mm

LED Spot light

Test fabric UV-Meter

Test setup Measuring spots
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Figure 5: UV measurements of the laterally emitted UV irradiance 

With regard to the fabric parameters, the tendency is shown that a lower fineness results in a higher 
irradiance, which applies to both the weft densities and the light sources. However, a clear statement 
cannot be made for the weft density, as the results for the two light sources and the two weft threads 
are different. A reason for this ambiguous characteristic might be an interdependency between both 
parameters (weft density and weft fineness) so that their individual impact and their combined impact 
on the irradiance differ due to  reciprocal effects between the parameters. A closer look at this 
parameter has to be taken in the future. 

Bonding trials. As second and main evaluation, adhesion tests are carried out as described before 
and the tensile lap-shear strength is measured. The results of the tensile tests are shown in Figure 6.  

  
Figure 6: Tensile lap-shear strength measurements and tensile testing machine during a 
measurement 

As described before, the LED spot lamp has been used for the adhesion tests. In accordance with 
the irradiance measurements, a higher lap-shear strength was measured for the adhesives bonds using 
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the fabrics with a lower weft fineness and therefore higher irradiance. However, the bonding tests 
also show that a higher lap-shear strength can be achieved by means of a higher weft density. A higher 
weft thread density usually can be associated with a higher undulation of fibres in a woven fabric. 
Thus, the POF are bent more frequently within the same section resulting in a lower bending radius. 
Both effects (more frequent bends and smaller bending radius) eventuate in a stronger sidelight 
emittance as the conditions for total internal reflection of the POF are no longer met [14, 16].  

Since with lower weft titres higher weft thread densities in the fabric can be achieved (see Table 1) 
this can also be part of the reason why the weft yarns with lower titres perform better. However, in 
factor experimental designs, usually only interpolation can be performed, not extrapolation [17]. 
Since a medium titre of 167 dtex was chosen rather than a low setting of weft fineness, it remains 
unclear as to whether the positive effect of a low titre on irradiance and lap-shear strength also applies 
to small titres, e.g., below 50 dtex. In the future, further weaving trials with lower titres need to 
confirm the trend of the result and might increase irradiance and lap-shear strength.  

The fracture patterns in the shear-tension tests show mostly adhesive failure between adhesive and 
fabric (see Figure 7) which means that the additional adhesive interface weakens the overall strength 
of the bond when compared to a standard adhesive bond. Possible explanations are too low curing 
degree and a too high viscosity of the adhesive hindering an impregnation of the fabric. Furthermore, 
the fracture patterns show that the adhesion on the surface of the textile fabric is weaker than the 
adhesion on the metallic surface. 

 

 
Figure 7: Examples of non-cohesive failure between fabric and adhesive 

The irradiance measurements showed that a higher initial optical power also leads to higher 
irradiances. It is anticipated that a higher irradiance could lead to higher curing degrees of the 
adhesive in shorter irradiation times as well as to higher final strengths of the bond. This is made 
plausible by the fact that exposure times with external UV light sources for curing through transparent 
parts are much shorter (~5–30 seconds, depending on adhesive, adhesive thickness, wavelength, 
transparency and other parameters) and final strengths are higher. For instance, for the tested adhesive 
the compressive shear strength is 21 MPa for an adhesive bond between glass and aluminium 
according to its datasheet [18]. Compressive shear strengths and tensile lap-shear strengths cannot be 
compared directly with each other, but they are well suited for a quantitative comparison. It can 
therefore be assumed that further potential can be exploited through further investigations and 
optimisation of the process. 

Another source of higher irradiance can be a higher sidelight efficiency. As stated in the 
introduction, there is a trade-off between high intensity and high homogeneity of the laterally emitted 
light. The non-uniform sidelight activation, which is used to enhance the length of homogeneously 
emitted light intensity, implies that the POF are designed for a certain illumination length. The 
commercially available sidelight POF show a very homogeneous irradiance over a long distance, but 
at a low level. Therefore, for future bonding trials the POF are to be sidelight activated for the specific 
task of high and homogenous irradiance over a length of 150 mm. A subsequent sidelight activation 
of the fabric after the weaving process is possible, especially surface perforation with various 
processes, and can simplify the handling and homogeneity [14, 19]. Impairment to the weft yarn must 
be investigated, especially if particularly fine weft yarns are used. 
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Summary 
Polymer optical fibres are woven into ribbon fabrics with different weft finesses and densities. 

Irradiance measurements indicate a higher potential for weft yarns with low titre. The POF fabrics 
are successfully integrated into adhesive joints for external curing. A technological feasibility has 
been proven. Adhesive bonding trials and subsequent tensile lap-shear measurements confirm the 
better performance of weft yarns with lower titre and complement a better performance for higher 
weft densities. Tensile lap-shear strengths of up to 8.3 MPa are achieved. However, mostly adhesive 
failures occur between adhesive and fabric. This shows that there is still room for improvement in the 
bond between fabric and adhesive until pure cohesive failures occur and thus, the maximum strength 
of the adhesive is achieved. Approaches for improvement include finer weft yarns, higher initial 
optical power of the light source, and higher sidelight activation efficiency so that a greater fraction 
of the optical power coupled into the POF is emitted laterally to cure the adhesive and finally reduce 
the curing times. 
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Abstract. Electric and electronic devices are mainly emitting electromagnetic radiation, and 
shielding from radiation is essential. Electrically conductive materials are suitable for radiation 
shielding applications. The designing of the textile material for the radiation shielding is 
challenging because of its open area and design. In general, more open area has transmit the 
radiations tend to lesser in shielding. Another factor is the laying angle of the textile material also 
plays important role beyond open area. In this study, the effect of laying angle and open area was 
analysed for effective utilization of conductive materials. The conductive nonwoven fabric was 
used to form as strips to simulate the various textile structures for shielding application. The Cu/Ni 
coated ultrathin polyester nonwoven fabric sample is taken to form two-layers strips and test for 
electromagnetic shielding effectiveness. In experimental design, three factors of strips which are 
strips laid angle, strip thickness, and gap between the strips are taken at three levels. The strip cover 
area and aperture area were calculated geomentrically for each design and significant difference on 
shielding effectiveness was noticed. 

Introduction 
This world is full of radiations; most of the radiations are under electromagnetic (EM) waves 

categories. There are seven categories in the EM spectrum: low frequency, radiofrequency, 
microwaves, infrared, ultraviolet, x-rays, and gamma cosmic rays[1]. In the range of radiofrequency 
to microwaves categories, most electronic devices like FM radios, wireless devices, computers, 
mobile phones, microwave ovens, and remote controls are functioning[2]. Electronic devices emit 
EM radiation due to their work functions and cause EM interference (EMI). EMI is disturbing the 
function of electronic devices, and sometimes it damages the electronic parts; some studies say that 
it is harmful to living beings (mainly birds are affected by cell phone towers)[3]. It's impossible to 
avoid EM radiations due to their requirement in day-to-day life, so shielding is the efficient method 
to protect electronic devices and living beings from EM radiations[4]. 

EM shielding is possible with reflection and absorption of the EM waves[5]. Most electrically 
conductive materials like copper, silver, gold, aluminum, iron, steel, nickel, carbon, graphite, and 
intrinsically conductive polymers reflect and absorb the EM waves [6]. EM shielding with textile 
materials is developing nowadays because of its flexibility, high strength, wearability, feasibility to 
develop any design, and lightweight. Conventional textile materials are non-conductive and need to 
impart conductive material coating or fibers blending to make them conductive materials [7]. The 
textile woven structures with different grid size of conductive yarn is formed and studied for 
electromagnetic shielding. It was noticed that the grid open area has affecting the shielding 
effectiveness [8].  

In this work, the copper/nickel-coated polyester nonwoven fabric was taken and form as strips 
at different open areas. The different open area was formed by changing the strips laid angle, strips 
thickness, and gap between the strips. Developed strips samples are studied for EM shielding 
effectiveness (SE) as per ASTM standard and analyzed its EM SE concerning the open area. 
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Materials and Methods 
Nonwoven Material. The Cu/Ni coated polyester cross-laid nonwoven (Cu-Ni NW) sample 
procured from BOCHEMIE a.s., Bohumin, Czechia, and its parameters are given in Table 1. 

Table 1. Cu/Ni NW fabric parameters and their values. 
Parameters Values 

GSM [gram per sq. meter] 24.56 ± 2.69 
Thickness [mm] 0.087 ± 0.006 
Tensile strength in MD [N/50mm] 25 [9] 
Tensile strength in CD [N/50mm] 16 [9] 
Surface resistivity [Ω] 2.1 ± 0.28 

Sample Preparation and Coding. The Cu-Ni NW sample was cut to prepare the strips at 3-, 6-
, and 9 mm thick. It was arranged in plain paper (sticking on paper with cello tape) at 3-, 6-, and 9- 
mm gaps between the strips to form a single layer sheet. The two single layer sheets was laid on 
each other at different angles to form double layer. The double layer of the 9 mm thick strips at a 3 
mm gap between the strips laid at 0º, 45º, and 90º angles as shown in Figure 1. The graphic design 
was created with the help of CREO® CAD software (see fig. 1). Like-wise 9 mm thick strips, the 3-
and 6 mm thick strips were arranged at three levels of laid angle and three levels of gap between the 
strips which codings are given in the table 2. 

   
(a) (b) (c) 

Figure 1. The graphic image of two-layer Mc Cu/Ni NW strips of 9 mm thickness arranged at 
3 mm gap and laid at (a) 0° (TL30), (b) 45° (TL345), and (c) 90° (TL390), angles. 

Table 2. Arrangement of the two layers of 9 mm thick strips and its sample codes. 
The angle 
between the two 
layers 

The gap between 
the strips in a 
single layer 

Strip thickness 

3 mm 6 mm 9 mm 

0° 3 mm 
6 mm 
9 mm 

TS30 
TS60 
TS90 

TM30 
TM60 
TM90 

TL30 
TL60 
TL90 

45° 3 mm 
6 mm 
9 mm 

TS345 
TS645 
TS945 

TM345 
TM645 
TM945 

TL345 
TL645 
TL945 

90° 3 mm 
6 mm 
9 mm 

TS390 
TS690 
TS990 

TM390 
TM690 
TM990 

TL390 
TL690 
TL990 

EM SE Test Method. The electromagnetic shielding effectiveness (EM SE) of the sample set 
was measured according to the ASTM D4935-18 [10], for the planar materials using a plane-wave, 
the far-field EM wave at the temperature T = 21°C, and the relative humidity RH = 54 % [11]. SE 
of the samples was measured over the frequency range of 30 MHz to 1.5 GHz. The set-up consisted 
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of a sample holder connected to the network analyzer with its input and output [12]. A shielding 
effectiveness test fixture (Electro-Metrics, Inc., model EM-2107A) was used to hold the sample. 
The design and dimension of the sample holder follow the ASTM method mentioned above. 

Cover Area and Aperture Area Calculation. The strip cover area and the aperture areas of the 
samples are calculated from the design created with the help of CREO® CAD software. The 
measured areas are theoretical values calculated geomentrically with help of CAD software. 

Results and Discussion 
EM SE versus Frequency. The EM SE of Cu/Ni NW fabric and its strips samples are tested with the 

coaxial transmission line method as per ASTM standard [10], and the results are shown in figure 2.  

  
(a) (b) 

 
(c) 

Figure 2. Frequency (30 MHz~1.5 GHz) versus EM SE in dB of the two-layer Cu-Ni NW 
strips at the thickness of  (a) 3mm, (b) 6 mm, and (c) 9 mm. 

All the samples were tested from 30 MHz to 1.5 GHz frequency, and the SE is shown in dB. 
Cu/Ni NW samples made of 3 mm thick strips were prepared of two-layers (TS) using various gaps 
between strips as well as various laying angles, and their SE [dB] versus frequency graph is shown 
in figure 2(a). From this graph, the SE is increasing with increasing angles and a decrease in the 
gap. All the two-layer strip samples show that the SE is increasing steeply to the frequency range of 
400 – 600 MHz, where the global maximum of SE (from 27 to 42 dB for all TS samples) is 
observable. The arrangement of two layers of 6 mm thick strips (TM) SE versus frequency results 
are in figure 2(b). SE of the samples increases from 30 MHz – 300 MHz frequencies and then 
slowly decreases until 1.5 GHz frequency. The global maximum of SE for all samples is located 
(SE = 35 – 45 dB). Another peak of SE is formed between 1.2 GHz to 1.35 GHz frequency, and it 

2 4 6 8 10 12 14

Frequency f [Hz] 10 8

0

5

10

15

20

25

30

35

40

45

El
ec

tro
m

ag
ne

tic
 s

hi
el

di
ng

 e
ffe

ct
iv

en
es

s 
SE

 [d
B]

TS30

TS345

TS390

TS60

TS645

TS690

TS90

TS945

TS990

2 4 6 8 10 12 14

Frequency f [Hz] 10 8

0

5

10

15

20

25

30

35

40

45

E
le

ct
ro

m
ag

ne
tic

 s
hi

el
di

ng
 e

ffe
ct

iv
en

es
s 

S
E

 [d
B

]

TM30

TM345

TM390

TM60

TM645

TM690

TM90

TM945

TM990

2 4 6 8 10 12 14

Frequency f [Hz] 10 8

0

5

10

15

20

25

30

35

40

45

50

El
ec

tro
m

ag
ne

tic
 s

hi
el

di
ng

 e
ffe

ct
iv

en
es

s 
SE

 [d
B]

TL30

TL345

TL390

TL60

TL645

TL690

TL90

TL945

TL990

Solid State Phenomena Vol. 333 139



 

has an SE of 9 – 40 dB range. When studying the highest frequency (1.5 GHz), SE is in the range 
from 18 to 37 dB. In figure 2(c) shows the SE versus frequency graph for 9 mm thick strips of 
Cu/Ni NW sample of two-layers (TL). Observing the SE frequency dependence, SE is steeply 
increasing from the starting frequency till the 200 – 450 MHz, where the global maximum of SE for 
all samples is located (SE = 37 – 46 dB). Another peak of SE is formed between 980 MHz to 1.25 
GHz frequency, and it has SE of 18 – 35 dB range. When studying the highest frequency (1.5 GHz), 
SE is in the range from 22 to 42 dB. The samples laid at 0º angle show significantly less SE from 
300 MHz – 1.5 GHz because of disconnection between the strips layer. The connection between the 
layers of the strip has a higher SE. 

Cover Area versus SE. The calculated strips cover area (Ac) versus SE at 1.5 GHz of the 
samples are given in figure 3. The strip cover area (Ac) increases with the increase in the laid angle 
of the strips; also, an increase in SE is noted with an increase in Ac. The gap between the strips 
decreases the Ac and SE.  Figure 3(a) shows the Ac versus SE at 1.5 GHz of 3 mm thick strips, 
linear regression analysis showing that the Ac has a high correlation with SE and its coefficient of 
determination (R2) is higher than 0.96. Maximum SE of 32 dB is achieved at 75% Ac. The 6 mm, 
thick strips samples show excellent R2 of > 0.97 value for 45º and 90º laid angle samples, but R2 is 
0.7 for 0º laid angle. So the correlation between the Ac and SE is excellent at higher laid angles. 
Maximum SE of 36 dB is achieved at 88% Ac. In figure 3(c), the correlation between the Ac and SE 
is excellent; R2 is greater than 0.96 for all the laid angles. A maximum SE of 42 dB is achieved at 
94% Ac. In common, the Ac value for 45º and 90º degree laid angle at different distances is the 
same, but the SE values are higher for 90º laid angle samples. The area per aperture was calculated 
to identify the difference in SE value for the same cover area, and the results are analyzed below. 

  
(a) (b) 

 
(c) 

Figure 3. Strips cover area (Ac) versus EM SE in dB versus frequency (30 MHz to 1.5 GHz) 
of the two-layer Cu-Ni NW strips at the thickness of  (a) 3mm, (b) 6 mm, and (c) 9 mm. 
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Area per Aperture versus SE. The area per aperture (Aa) was calculated geometrically by 
identifying one repeat of the design. The Aa increase decreases the SE (at 1.5 GHz) values, as 
clearly seen in figure 4—also, the increase in the angle of laying decreases the Aa. Figure 4(a) 
shows that the 'TS' series of samples' SE value decreases with an increase in Aa; the maximum SE 
(1.5 GHz) of 32 dB is recorded at Aa of 10 mm2. The 'TM' series of samples' SE values decrease 
with an Aa increase, as shown in figure 4(b). Maximum SE of 36 dB at 1.5 GHz frequency was 
recorded for 10 mm2 Aa. Also, SE values are decreased with an Aa increase for the 'TL' series of 
samples, as seen in figure 4(c). Maximum SE of 42 dB at 1.5 GHz frequency was recorded for 10 
mm2 Aa. In general, the 0º laid angle has very little SE because of disconnection between the strips. 
The 3 mm gap and 90º laid angle ('390' series) have the highest SE value and lowest Aa values, 
which also has higher Ac among all samples. 

  
(a) (b) 

 
(c) 

Figure 4. Area per aperture (Aa) versus EM SE in dB versus frequency (30 MHz to 1.5 GHz) 
of the two-layer Cu-Ni NW strips at the thickness of  (a) 3mm, (b) 6 mm, and (c) 9 mm. 

Summary 
The Copper/Nickel coated 100% polyester cross-laid nonwoven fabric was taken in this study. 

Among TL samples, TL390 exhibits the highest SE of 42 dB at 1.5 GHz frequency. The EM SE (at 
1.5 GHz frequency) is increasing with an increase in percent strips cover area (Ac) for the TL 
samples; A linear correlation between Ac and EM SE has been found (0.98 ≤ R2 ≤ 1). A maximum 
Ac of 94% for TL3 series samples and recorded the highest SE value. An increase in area per 
aperture (Aa) of the TL samples has decreased in EM SE value. TS and TM samples also exhibit SE 
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of 32 dB and 36 dB at 1.5 GHz frequency with 75% and 88% strip cover area. An increase in strip 
cover area and decreases in area per aperture have increased the SE values. Hence, the highest 
shielding effectiveness is the two-layer strips with a 90° laid angle and 3 mm gap. The higher Ac 
and lower Aa also exhibit the higher SE. The interconnection between the conductive layers also 
improves the SE. This design will be helpful to achieve efficient material usage for preparing the 
samples for electromagnetic applications. 
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Abstract. The combination of sensor technology and textiles substantially extends the range of textile 
applications. Smart textiles, especially clothing, might increasingly be equipped with pressure 
sensors. They could be used in the sports or health sector to measure body activities or other activities 
which are close to the body. Therefore, it is essential to develop flexible sensors which allow to adapt 
to the properties of textile materials which are in contact with the body or surrounding it. In this paper 
a pressure sensor based on piezoresistive ink and conductive fabric with high flexibility is reported. 
Preliminary pressure sensors have been fabricated and tested on a universal testing machine. The 
sensors show to be functional, but also showing some aspects to improve, such as its hysteretic 
behaviour. 

Introduction and State-of-the-Art 
One of the methods for manufacturing a textile piezoresistive pressure sensor is based on a 3-layer 

structure. The outer layers form the electrodes through which the electrical conditioning circuit is 
connected. A conductive, moreover piezoresistive layer is placed between the electrodes. A 
piezoresistive material is able to change its electrical resistance if pressure is applied to it. The 
variations of resistance in the piezoresistive layer are proportional to the pressure applied on it, and 
thus an appropriate signal conditioning circuit is able to convert these variations into an electrical 
signal. Figure 1 shows a setup in which the inner layer is a polymeric piezoresistive film [1]. 

 

 
 

Figure 1. Construction of the flexible pressure sensors [1] 
 
To realize the pressure sensitive layer, several piezoresistive materials can be used, which are able 

to change their resistance under mechanical deformation. To obtain a piezoresistive textile, various 
conductive materials are applied on textile fabrics or fibers, such as carbon nanoparticles [2], metallic 
nanoparticles or nanowires [3] and conductive polymers [4].  

A piezoresistive material can be made out of conductive nanoparticles which are placed in a matrix 
of non-conductive polymer. When pressure is applied to this material, the particles move closer 
together and thus resistance between the electrodes decreases as the current is conducted more easily 
through the particles, which is explained in Figure 2 [5]. 
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Figure 2. Functionality of the piezoresistive effect [5] 

 
One of the most known and utilized materials is Velostat by 3M. It is a common piezoresistive 

material, which consists of a carbon loaded polymeric foil [4]. In [6], a setup using Velostat with 
silver-plated woven polyamide fabric is described. Earlier work [1] has been presented using this 
setup, as well as copper film and knitted polyamide silver-plated fabric as electrodes. In [7] a similar 
configuration using copper fabric and Velostat is described. The EeonTex fabric produced by 
EEONYX  has revealed piezoresistive properties as well. In [8], a pressure sensing matrix using this 
fabric as piezoresistive layer and striped copper-based conductive fabrics to form the electrode matrix 
have been proposed. 

Another possibility of producing pressure sensor using piezoresistive materials is using 
interdigitated electrodes, as shown in Figure 3 [6]. In this case, conduction is made between electrodes 
places on the same plane, as opposed to conduction in the z direction that occurs in the previously 
presented works. 

 

 
 

Figure 3. Piezoresistive sensor using interdigitated electrodes [6] 
 

In this work, conductive fabrics are used combined with a piezoresistive ink printed on cotton 
fabric using a screen-printing process. To achieve a mechanical stability between layers of the sensor, 
a net-shaped adhesive is used between layers. This should allow achieving stable performance of the 
sensor even in sensors with larger areas. 

Materials and Methods 
In this work, piezoresistive ink from Nanopaint, commercial name PR 2, is printed on a cotton 

plain weave to achieve a piezoresistive layer. First tests showed that the piezoresistive sensor exhibits 
very low resistance after a certain level of applied force, which makes signal conditioning tricky in 
these ranges. For this reason, a non-conductive additive provided by Nanopaint, with the intention of 
increasing resistance values and thus measurement ranges, was used in some experiments. 

As studied in [9], woven structures result in more stable sensors regarding reproducibility and 
dynamic properties of the measured signals, when compared to knitted structures. Therefore, a plain 
weave is used as first choice for this work. Cotton is chosen as material due to its thermal stability, 
considering that the printing and bonding processes to which the material is subjected induce some 
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thermal stress that should not impair the original fabric properties. The fabric has been tested and has 
the following properties 

 
Table 1. Properties of fabric used for printing of piezoresistive layer 

 
Property Value Test method 
Yarn fineness Warp: 19,5 tex 

Weft: 21 tex 
DIN EN ISO 2060:1995-04 

Thickness 0,54 mm DIN EN ISO 5084 
Mass per unit area 116,2 g/m2 DIN EN 12127 
Weave density Warp: 30 threads/cm 

Weft: 25 threads/cm 
DIN EN ISO 1049-2 

 
The application of the piezoresistive ink on the textile is accomplished by screen-printing. Before 

using, the ink is subjected to mechanical stirring between 30-60 minutes. It is at this time that the 
additive is mixed with the ink, in various mixture ratios.  

A screen with the mesh size of 81 Threads Per Inch (TPI) is used. Samples were screen printed on 
a Zimmer Mini MD-F R541, a flat screen-printing table with a magnetic system that allows the rolling 
of a metallic rod-squeegee over the screen, applying the ink at an even pressure, as shown in Figure 
4. The magnetic field level can be chosen from a range of 1 to 6, low to high pressure respectively, 
therefore affecting the ink’s layer thickness. The dimensions of the printed sensors are 3 x 3 cm. 

The economical screen-printing process is perfectly qualified for the production of mass articles. 
The opportunities for designs are unlimited and the textile properties remain unchanged by screen 
printing. Screen printing is considered a direct printing process because the ink is applied directly to 
the textile through the screen, as can be seen in Figure 4. 

 

 
 

Figure 4. Printing the piezoresistive ink on the cotton fabric 
 
After printing, the ink has to be cured in an oven for 10 minutes at 60°C. 
To allow the electrical connection to the piezoresistive layer a silver-plated woven nylon fabric 

(Statex Bremen from Shieldex) is proofed to be functional as an electrode material. The woven silver 
fabric has high conductivity and is extremely flexible, fully preserving the textile properties required 
in this work. 

In order to stabilize the assembly of fabrics, the individual layers should be joined in some way. 
With the use of the silver-plated conductive fabric, however, joining the layers by sewing is not 
functional. By stabbing the fabric with a needle, individual threads can be damaged and pulled 
through the seam hole to the other side. This causes a short circuit between the electrodes.  
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To overcome this problem, a thermoplastic bonding net, UT1 from Protechnic, shown in Figure 6, 
is used to bond the silver fabric and the cotton together. The material is non-conductive. However, as 
it is in a net shape, there is still electrical contact between the electrodes and the ink, which is 
fundamental for the sensor to work. The electrode fabric layers must be smaller than the middle layer 
in order to avoid a short circuit. The bonding net consists of polyurethane ester aliphatic which is 
very elastic and transparent. This thermoplastic bonding net, therefore, is supposed to have an 
excellent bonding on TPU, PVC, polyamide, polyester, fabrics and leather. Since the material for the 
electrodes is based on polyamide and the piezoresistive ink is printed on cotton fabric, this bonding 
material promises to be quite suitable for this application. 

 

 
 

Figure 6. Thermoplastic bonding net 
 

For bonding the 3 layers of the sensor the bonding net is placed on both sides of the piezoresistive 
layer and pressed in a heating press at 110°C for 10 seconds at a pressure of 2.5 bar (Figure 7). 
Although the melting point of the thermoplastic net is reached at lower temperature, a sufficient cross-
linking is only achieved with the mentioned settings. 

 

 
 

Figure 7. Exploded view of the sensor (left) and sensor (right) 
 
Using the described materials, sensors are manufactured and tested in the further course. During 

the manufacturing process, different parameters such as piezoresistive ink layer thickness are varied 
in order to gain knowledge about the design showing the best functionality. 

The fastest way to test the sensors for simple functionality is to use a multimeter to which the 
electrodes are connected, and the resistance is measured. This enables immediate determination of 
whether sensors are functional by changing their resistance as soon as pressure is applied. If this does 
not happen and the resistance is close to 0 or remains the same when pressure is applied, it indicates 
that the sensor is not functional, and a short circuit probably occurred. For more detailed and 
significant measurements, the Hounsfield universal testing machine is used. This method is used to 
test the behavior of the sensor when a force is applied in a cyclic process, shown in Figure 8.  
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Figure 8. Setup for compression test 
 
The printed pressure sensor is subjected to a cyclic compression test in a Hounsfield universal 

testing machine. To protect the sensor and the equipment from mechanical impairment during the 
test, as well as to distribute pressure evenly over the surface of the sensing area, a layer of 3 mm 
EPDM (ethylene propylene diene monomer rubber) is placed on each side of the sensor.  

The machine is equipped with a movable traverse with adjustable speed. For the compression test, 
a 2.5 kN force cell and a compression stamp are attached on the bottom of the traverse. As a 
counterpart a fixed plate is used on the bottom of the machine on which the sensor is placed. By 
connecting the electrodes to a multimeter or to the sensor signal conditioning equipment, the sensor 
is tested using a speed of 30mm/min and force ranges between 0 to 200N. Resistance is measured by 
a multimeter connected to a PV via RS-232, whilst the signal conditioning circuit described in Figure 
9 outputs a voltage that is acquired with a data acquisition board (DAQ) and software developed in 
LabVIEW. The output voltage depends on the resistance R and on the sensor`s resistance Rs (Figure 
9). 

 

 
 

Figure 9. Conditioning circuit for the piezoresistive sensors, implemented with 
a non-inverting amplifier with gain dependent on the sensor resistance RS 

The relation between the sensor’s resistance (RS) and the voltage output (VO) for the circuit used is 
expressed by equation 1: 
 

𝑉𝑉𝑜𝑜 = 𝑉𝑉𝑖𝑖(1 + 𝑅𝑅
𝑅𝑅𝑠𝑠

). (1) 
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with 
Vo  : Output voltage (V) 
Vi : Input Voltage (V) 
RS    : Sensor resistance (Ω) 
R   : Feedback resistance (Ω) 

 
The force is recorded by the Universal testing machine, voltage and force signals are later 

synchronised in the developed Labview software. 

Results and Discussion 
The first result obtained is that of resistance versus force, depicted in Figure 10. 
 

 
Figure 10. Characteristic of resistance versus force in a cyclic test 

 
As can be observed, the characteristic is highly non-linear, and sensitivity is much higher at low 

forces than at higher ones. The processing of these variations becomes much easier when the sensor 
is connected to the signal conditioning circuit and output voltage is measured. The transfer function 
of the circuit, when applied to the characteristic that can be observed in Figure 10, has the ability to 
linearize the force-output voltage relation to a certain extent. A typical relation is shown in Figure 11. 

 

 
Figure 11. Force-Voltage diagram 
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Although the sensor is functional, it shows some hysteresis during the cyclic compression test, 
which is marked in red in Figure 12. In general, hysteresis is a phenomenon in physical systems, 
which describes that a physical property, caused by a change of another variable, is delayed. In 
addition, the output variable is not only dependent on the input variable, but also on the previous state 
of the output variable. In this case, a reason why the hysteresis appears, could be that the sensor layers 
do not fully recover from compression before new pressure is applied in the cyclic compression test. 

 

 
Figure 12. Hysteresis (red) 

 
Hysteresis is a problem, because it is not possible to determine exactly at which force a certain 

voltage occurs. 
Furthermore, with increasing number of cycles the voltage signal shows an increase of the peak 

magnitude that results from a decrease of the resistance (Figure 12). This behavior was observed for 
all the manufactured sensors and had already occurred with other sensors using Velostat. It is most 
probably due to mechanical creep of the piezoresistive material and substrate. 

 

 
Figure 13. Time signal of output voltage over several cycles - Increase of the voltage peak 

 
Nevertheless, some very interesting results could be obtained using several percentages of additive 

and using bonding. Figure 14 shows the comparison of a non-bonded (sensor layers not joined using 
the bonding net, just superimposed) versus a bonded sensor produced using ink with 20% of additive: 
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Figure 14. Sensor using ink with 20% of additive, non-bonded (left) and bonded (right) 
 
As can be observed, the voltage range produced by the bonded sensor is lower than that of the non-

bonded sensor. This is due the effect that the bonding net has on the resistance of the sensor, 
increasing it and thus lowering the output voltage (see Equation 1). This is no actual problem, because 
it can be easily solved by increasing the gain of the amplifier using a larger resistance R. 

On the other side, bonding shows to contribute to lower hysteresis and a more linear characteristic 
of the sensor, besides the improved mechanical stability of the sensor. It can also be observed that the 
sensor is more stable for low forces (between 0 and 20 N). 

Conclusions and Future Work 
The main goal of the present research work was to create a textile based flexible piezoresistive 

pressure sensor for the integration into smart textiles. To achieve this, a basic overview and 
understanding about the existing methods and materials was inevitable. The research shows that the 
materials currently used for the manufacture of sensors for smart textiles do not yet meet all 
requirements for flexibility, washability and other desired properties. 

Measurement results show almost linear behavior for sensors with lower conductivity in the ink 
and using bonding. Furthermore, an interesting range of resistance could be measured, from over 3kΩ 
to under 200Ω which allows the sensor to be used in different areas of sensitivity. However, 
hysteresis, some non-linearity and spreading of the measurement results are still existing and are to 
be improved. In conclusion, the piezoresistive ink is proved to be functional to produce a flexible, 
piezoresistive pressure sensor with reasonable stability and accuracy. 

For further applications of flexible textile pressure sensors, it is recommended to perform the same 
test procedure with other materials and compare their results. In sectors where natural fibers are not 
or only barely used, the cotton material could thus be replaced by synthetic alternatives such as 
polyester. This material exhibits different properties than cotton and may therefore be used 
advantageously. Polyester is considered to be very easy-care and dries very quickly. Due to its high 
flexibility and strength, polyester is particularly suitable for bedclothes or clothing in outdoor areas. 
Up to now, only textiles in the form of woven fabrics have been considered in this work. In future 
investigations, experiments with knitted fabrics or nonwovens could provide further insights. 

In this research work, sensors with an area of 9 cm2 were manufactured and examined. In the future 
it is expected that the knowledge gained from these results can be used to produce wide-area sensors, 
to be applied in sports and health applications.  

The next step could be a punctiform pattern application of the ink. If the electrodes continue to 
cover the entire surface, the measurement principle remains the same, but the manufacturing process 
becomes cheaper and more sustainable by using less ink. 
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Besides pressure sensors, extension sensors are also feasible using this ink. Different combinations 
of materials and forms of textiles could result in sensors with the ability to behave in a very specific 
way and thus applicable in very specific applications. 
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Abstract. This work is part of the European project MOTION (Interreg 2 Seas Mers Zeeën), which 
aims to develop an exoskeleton for children with cerebral palsy (CP). The developed exoskeleton is 
equipped with a smart garment in order to detect the stress (e.g. physical, physiological) during the 
rehabilitation. Five different sensors, i.e. electrocardiogram (ECG), respiratory rate (RR), pressure, 
galvanic skin response (GSR) and textile heat fluxmeter (THF), are integrated into this smart garment 
for stress detection. This paper focuses on the development of the textile heat fluxmeter. Several 
researchers used heat fluxmeters in physiological studies to measure the body heat exchanges with 
the environment. However, the non-permeability of such fluxmeter gives inaccurate measurements 
in wet condition. Innovative flexible textile heat fluxmeter may detect, analyze, and monitor the heat 
and mass transfers with minimum disturbance due to its porosity. Moreover, it is desirable to have 
flexible sensors when they need to be in contact with the human body, in which the flexibility and 
non-irritability requirements are of utmost importance.  

Introduction 
Many technological devices have been developed to assist children with neurological diseases in 

physical rehabilitation, particularly robotic trainers [1-3] and exoskeletons [4]. These devices can also 
cause discomfort for children, due to their weight or because children are not used to this form of 
therapy [5, 6]. This can cause either physical discomfort such as pain, fatigue, itching, insomnia, 
hot/cold sensation, or psychological discomfort such as uncertainty, fear, stress, anxiety, and 
depression [7].  

Previous studies on the stress of children with multiple disabilities have used audio signals to 
detect screams [8, 9], they have also tested social stress [10], and adopted some subjective instruments 
during rehabilitation [11-13]. These methods may have worked well, however, many children with 
motor problems, such as cerebral palsy (CP), also have cognitive problems. For them, it may be 
difficult to answer questions and express their feelings, and these methods do not measure the level 
of discomfort in real time. Therefore, measuring discomfort continuously and objectively can be very 
useful when using technological devices during rehabilitation.  

When children are under physical or psychological stress, their physiological and vital signs, such 
as heart rate, blood pressure, respiratory rate, and skin temperature, change significantly [14-16]. For 
this reason, the measurement of physiological parameters during rehabilitation is integrated into new 
rehabilitation technologies using electronic textiles (e-textile). Different sensors can be integrated 
into these e-textiles, such as electrocardiogram (ECG) [17, 18], respiratory rate sensors [19, 20], 
temperature sensors [21, 22], blood pressure sensors [25], heat flux sensors [23, 24]. 

In this study, we focus on the development of textile-based heat flux sensors for stress detection. 
The stress often generates a changing in heat losses and an increase of the sweat on the skin surface. 
That is why, instead of temperature sensors that reveal only the abnormal state of the body’s health, 
the heat flux sensor can also reveal the level of comfortability. 
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Heat flux sensors currently available in the market are impermeable and prevent the evaporation 
of sweat, thus they give incomplete results for the energy balance in a humid environment. Moreover, 
due to their semi-rigidity, they can only be used on flat or semi-flat surfaces. Indeed, to allow an 
accurate measurement, heat flux sensor need to have a good contact with the support surface. The 
textile heat flux sensor can take into account the humidity and it can be used for complex surfaces 
due to its permeability and flexibility. Therefore, it is possible to measure, analyze and monitor 
thermal and hydric transfers with minimal disturbance. 
The first part of this work presents the development of this Textile Heat Fluxmeter (THF) and the 
second part explains the experimental setup used for characterization and in the end, the results are 
presented and analyzed.  

Materials and Methods 
Principle of THF 
The THF consists of two components: (i) textile substrate and (ii) metallic wire that forms a 

number of thermocouples connected in series, also called a thermopile.  
The operating principle is based on the Seebeck effect (Fig. 1). When there is a temperature 

difference between the thermocouple junctions, an output voltage is delivered between the metallic 
wire’s terminals (Eq. 1) (Fig. 2). In this work, we used a thermocouple of constantan-copper (Cn-
Cu). 

 
∆V = N × α × ∆T.                                                                                                             (1) 

 

Where, N is the number of thermocouples, α is the Seebeck coefficient (µV.K−1) and ΔT is the 
temperature difference between the thermocouple junctions (K). 

 

                  Fig.  1. Seebeck effect principle 
 

THF development 
The THF was developed following two major steps: (i) the weaving process and (ii) the post-

treatment.  
 A 24-frame weaving loom (50 cm), ARM AG (Swiss), was used for weaving process. A 100% 

polyester (PES) yarn was used for both warp and weft yarns. Then, a constantan wire (Omega 
Engineering, USA) with a diameter of 76 microns was inserted between each PES yarn as weft floats 
(1.7 cm equal to covering 5 wrap yarns). 

The structure adopted to develop the sensor is the satin 5, weft effect, (Sy=3) structure as presented 
in Fig. 3, which is, according to our previous work [24], the most suitable and efficient structure.  

The aim of the post-treatment is to transform the textile structure to a sensor (thermopile) by 
obtaining the Cn–Cu junctions on both faces of the sample. The sensor was made by the local 
electrochemical deposition of copper (Cu) achieved by masking a local zone (Fig. 4). A polymer 
(QUECODUR DM 70, THOR, Germany) was used for local masking. 

Fig.  2. Schema of the thermopile  

T1 

T2 

154 Textile Materials



 
 

Fig.  2. THF structure        Fig. 4. The post-treatment with local masking and copper deposition 
 
The size of the developed THF was 2 cm × 2 cm, supported by a textile substrate whose thickness 

was 15 mm all around the THF perimeter as presented in Fig. 5. 
 

 
Fig.  5. The developed THF 

 
Experimental setup for characterization  
A sketch of the experimental setup used in this study is presented in Fig. 6. The setup is composed 

of two insolated and thermally regulated hot plates made from aluminum. Each one of them is 
connected to a temperature control system (Julabo, Germany). A space of 5 cm is left between the 
two hot plates to be used for piling up and placing the THF and the gold standard commercial heat 
fluxmeter (Captec®, France). Then, a metallic piece, made also from aluminum, is added to fill up the 
gap between the sensors and the hot plate, and the whole space is insolated with a 5 cm layer of 
polystyrene. Four temperature probes TL1, TL2, TL3 and TL4 are put to measure the “in” and “out” 
temperatures of the THF, the Captec® and the aluminum piece, respectively. The setup is connected 
to a data acquisition system (DAQ, Keithley 2700 controlled by ExcelLNKS software) and a PC 
control to collect the voltage delivered by fluxmeters and temperatures given by temperature probes.  
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Fig.  6. Experimental setup developed at HEI 

 
To evaluate the performance of the THF and determine its sensitivity, a transient heating was 

carried out using the above-mentioned setup. The textile sensor was tested in both dry and moisturized 
state to analyze the effect of moisture on the heat flux transfer. To do so, different temperatures were 
imposed to the hot plates. The first one, Ts, simulates the behavior of the skin temperature and the 
other one, Ta, simulates the ambient temperature. The temperatures used for skin and ambient [Ts, Ta] 
were [303, 303], [309, 300], [309, 309], [313, 309], [309, 309] (K) , respectively. We moved from a 
range to another one when the steady state was reached. 

The temperature was uniform on the hot plates’ surfaces and we assumed that the heat transfer was 
unidirectional along the horizontal (x) axis. Thus, it was considered that all the heat flux was 
dissipating through both THF and Captec®. The sensitivity of the THF was calculated using the 
sensitivity of Captec® (4.01 µV.W-1.m-2) given by supplier) (Eq. 2).    

                                     
φTHF=φCaptec= ∆VTHF

STHF
= ∆VCaptec

SCaptec
 .                                                                                                 (2) 

 
Where, S is the sensitivity (µV.W-1.m-2), φ (W.m²) is the heat flux density and ∆V is the voltage 

(µV). 
Furthermore, different levels of moisture were added to the THF, i.e. 10 %, 30 % and 50 %, to 

examine their effect on the global heat transfer and on the textile sensor’s behavior.  This time, more 
temperature ranges were applied on the hot plates to better understand the THF behavior as presented 
in the Table 1. Ta simulates the average temperatures of a sunny day while Ts simulates, at each range 
of time, the variation of skin’s temperature from a normal to an abnormal one. 

 
Table 1. Experimental procedure followed in wet conditions 

Range of Time 1 2 3 4 5 6 7 8 9 10 11 12 
Ta [K] 294 297 295 289 
Ts [K] 309.5 312 310 310 312 310 310 312 310 310 312 310 
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Results and Discussion 
Sensitivity of THF 
Fig. 7 presents the output voltage of both THF and Captec® for different temperature ranges. 
When the same temperature is set on the two hot plates, the measured output voltage was 0 for 

both fluxmeters (Eq. 1). The tendency between THF and Captec® was the same when a temperature 
difference was applied to the hot plates. The obtained output voltage increased by increasing 
temperature difference. Captec® gave slightly higher values than the THF for the output voltage and 
THF revealed a sensitivity of 3.87±0.04 µV/(W.m-2) which is similar to the sensitivity of Captec®. 
The THF output voltage evolution follows perfectly the evolution of Captec® output and of the 
system’s temperature that reflects the proper and accurate functioning of the THF. Thus, this sensor 
can be considered as a promising solution.  

 
Fig. 7. Output voltage obtained for THF and Captec® 

(For colors interpretation, please refer to the electronic version) 
 

Effect of moisture on the heat flux transfer measured by the THF  
Fig. 8 presents a comparison between the output voltage of the two involved sensors when different 

levels of moisture were applied to the THF. Results showed that most of the time the output voltage 
of the THF decreases by increasing the level of humidity, which can be explained by the presence of 
a cooling process that slowed down the heating. Furthermore, the signal becomes noisier when the 
humidity increases, and this indicates the involvement of the convection that disturbs the heat transfer. 
Besides, when the level of moisture increases, the voltage difference between the THF and Captec® 
becomes higher. This could be related to several complex phenomena, and it may also reflect a 
recovery phenomenon inside the heating system. This phenomenon increases the heat transfer rate in 
the area nearby the Captec® when it is slowed down around the THF. Thus, these results confirm that 
all the heat flux was dissipating through both THF and Captec®.  
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Fig.  8, Effect of moisture on the voltage output behavior of both THF and Captec®  

(For colors interpretation, please refer to the electronic version) 

Conclusion 
In this work, a textile heat flux sensor was developed and characterized. Results showed that this 
sensor has the same tendency as a commercial heat fluxmeter (i.e. Captec®), with a very close 
sensitivity. As the mass transfer affect the heat flux exchanges, the behavior of the moisturized THF 
was studied. As it is a complex phenomenon, the results should be completed with a numerical study 
for better understanding. Thus, future studies will focus on analyzing the coupled heat and mass 
transfer and their modeling. Moreover, the THF will be tested on human bodies to determine its ability 
to detect the stress. Finally, it will be integrated into a smart garment with other sensors (i.e. ECG, 
RR, GSR, pressure). Afterwards, the obtained results from different sensors will be merged and 
analyzed to detect the stress of children with CP during the rehabilitation. 
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Abstract. With the rise of electromagnetic radiation-based technologies, considerable attention has 
been drawn to developing and implementing innovative electromagnetic shielding materials. Carbon 
nanomaterials and conductive polymers have been appealing to both academia and industry as 
promising alternatives for the traditionally used metallic materials, owing to their lightness, 
flexibility, easy processability and resistance to corrosion, which are of special importance for textile 
applications. In this work, multiwalled carbon nanotubes (MWCNTs) and poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) have been applied to cotton textile 
substrates by straightforward scalable dyeing and coating processes, respectively. These processes 
led to uniform and homogeneous coatings with distinct properties: the fabric coated with MWCNT 
presented higher thickness and lower loading of incorporated material than the textile coated with 
PEDOT:PSS (thickness: 995 μm vs. 208 μm; material loading: 9.4 wt.% vs. 70.7 wt.%). The 
electromagnetic shielding properties were outlined for each shielding textile in the frequency range 
of 5.85–18 GHz: an average shielding effectiveness of ~35.6 dB was obtained for MWCNT@tex, 
while PEDOT:PSS@tex reached ~38.3 dB. Thus, PEDOT:PSS provided enhanced radiation 
shielding with lower coating thickness, while the MWCNTs led to improved attenuation with less 
material usage. Shielding effectiveness values above 30 dB were obtained for both electromagnetic 
interference shielding textiles, which corresponds to an excellent classification for general use 
applications, such as casual clothing and maternity wear.  

Introduction 
Electromagnetic (EM) radiation has been used overtime in order to fulfil the civilization needs for 
superior and faster technologies. EM radiation located in the radiofrequency range is especially used 
in several indispensable applications, such as radio, telecommunications, wireless internet and radars. 
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Currently, the global society is witnessing the worldwide implantation of 5G wireless technologies. 
Thus, in a near future, EM radiation that relies on higher frequencies (when compared to the previous 
4G technology) will be used [1]. Besides that, the “Internet of Things” market is rising, where smarter 
technologies and automation will boost EM radiation exposure. This undesired radiation exposure 
may create issues either by affecting electronic equipment operation or by affecting human health [2]. 
To overcome these issues, electromagnetic interference (EMI) shields are under development.  
The attenuation ability of a shield is given by the shielding effectiveness (SE), expressed in decibel 
(dB). The mechanisms of EMI shielding involve reflection, absorption and multiple reflections 
contributions, with the latter being usually negligible. In order to achieve enhanced SE, there are three 
intrinsic parameters of the shielding material of extreme importance: electrical conductivity (σ), 
electrical permittivity (ε) and magnetic permeability (µ). Additionally, the thickness (t) of the shield 
plays an important role in the absorption mechanism, thus increasing the overall SE.  
The textile sector has been consistently investing in research and development of innovative 
functional textiles. As so, textile-based EMI shields represent a useful solution for consumer 
protection by conjugating radiation protection functionality with the aesthetic advantages of lightness, 
flexibility and comfort. Most commercial textile-based EMI shielding solutions are based on metallic 
materials fabricated through conventional approaches, including plating, combination of metallic 
fibers/yarns and textile-based fibers/yarns through weaving and knitting processes, etc. [3]. Although 
metals very effectively attenuate EM radiation, they present several disadvantages, such as their high 
density, weight, corrosion tendency, being usually expensive and difficult to process. Moreover, the 
mechanism of EMI shielding by metals is mainly through reflection, causing adverse EM pollution 
to the surrounding environment. For this reason, researchers are turning their ways to alternative 
materials, such as conductive polymers and carbon materials [4–10].  
Intrinsically conductive polymers (ICPs) are polymers in doped states that present increased electrical 
conductivity. The presence of mobile charges (e.g., polarons, bipolarons and solitons) and bound 
charges (e.g., dipoles) is responsible for the EM shielding properties of ICPs [11]. Additionally, 
contrarily to metallic materials, polymers have lower density, higher corrosion resistance, flexibility 
and are easy to process and handle. Polyaniline (PANI), polypyrrole (PPy) and PEDOT:PSS are 
examples of ICPs that have been investigated for this application. For instance, Qiu et al. synthesized 
PANI by chemical oxidation using different doping acids (hydrochloric acid, camphorsulfonic acid 
and phosphoric acid) [12]. The highest electrical conductivity of 1.28 S cm-1 was obtained with the 
camphorsulfonic acid doping. A SE of 20.7 dB was obtained for the same sample for a thickness of 
only 0.35 mm. Kim et al. prepared PPy- and PEDOT-coated polyethylene terephthalate (PET) fabrics 
by in situ chemical polymerization of the monomers in the presence of the textiles [13]. The PPy-
coated PET displayed electrical properties superior to those of PEDOT-based one at lower ICP 
content. For both samples, a decrease in the volume resistivity was observed as the ICP loading 
increased. Moreover, that decrease was accompanied by the increase of the SE, reaching values of up 
to 36 dB, measured in the frequency range of 50 MHz to 1.5 GHz. Gosh et al. fabricated polyethylene 
glycol (PEG)/PEDOT:PSS-treated fabric by dip-coating process followed by a drying step at 70 ºC 
[8]. The sample prepared with 25 dipping cycles presented an electrical conductivity of 82.7 S cm-1, 
a thickness of 0.45 mm and a SE of 65.6 dB evaluated over 8–12 GHz.  
Carbon materials (CM) have been investigated for EMI shielding due to their remarkable properties, 
namely high electrical conductivity, high surface area, low density and high chemical, thermal and 
mechanical stability. Carbon black, multiwalled carbon nanotubes (MWCNTs) and graphene are 
examples of carbon materials that demonstrated good EM radiation attenuation. For instance, Song 
et al. studied graphene aerogels–carbon texture (GA-CT) hybrids for EMI shielding [14]. The authors 
reported a SE of 37 dB for 3 mm thickness in the frequency range of 8–12 GHz. Dai et al. used dip-
coating processes to incorporate waterborne polyurethane and different loadings of fillers containing 
80 wt.% of carbon nanotubes (CNTs) and 20 wt.% of graphene into textile substrates [15]. The sample 
containing 3 wt.% filler loading with a thickness of 0.35 mm presented an electrical conductivity of 
0.64 S cm-1, low reflectivity and a SE of 35 dB between 8.2 and 12.4 GHz. Xu et al. developed an 
asymmetric EMI shield based on an ultra-thin CNT film, by e-beam deposition of a copper nanolayer 
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on one side of the CNT film followed by electrospinning of nylon-6 nanofibers on both surfaces 
(PCCP) [16]. A SE of ~40 dB was obtained for the pure CNT film, while for the final PCCP textile 
(thickness of 20 μm) a SE of up to 50 dB was obtained in the frequency range of 1.5–5.85 GHz.  
Summarily, ICPs and CM have been reported to be promising materials for EMI shielding to be 
applied in textiles. However, most of the reported works rely on complex processes or involving 
multiple steps concerning the functionalization of textiles to yield EMI shielding properties. This 
work aims to provide solutions that are easy, scalable and quickly to be employed in the textile 
industry, while avoiding metallic materials. Herein, the goal was to create EMI textile-based shields 
with superior properties: thin, lightweight and flexible with good radiation absorption properties in 
the radiofrequency band. For this reason, two types of shields were produced and compared: a) 
MWCNTs impregnated on cotton textile by dip-pad-dry process (already reported in a previous work 
[17]) and b) PEDOT:PSS applied by coating into cotton substrate. The produced shields were 
evaluated and compared concerning the amount of incorporated material, thickness, electrical 
conductivity and EMI shielding properties. Moreover, the EM shielding mechanisms were unveiled.  

Materials and Methods 
In this work, two EMI shielding textiles were produced (Fig. 1): 

MWCNT@tex: In this procedure, 100% cotton American fleece textile (thickness: ~677 ± 83 μm; 
areal density: 450 g m-2) was used, provided by Cottonanswer S.A. (Portugal), as well as MWCNT 
NC7000TM from Nanocyl and sodium cholate hydrate (SCH, 99%) surfactant from Alfa Aesar. The 
fabrication process, as already reported in a previous work [17], was initiated with the preparation of 
an aqueous MWCNTs dispersion using SCH as surfactant under sonication. The cotton textile was 
impregnated through the dip-pad-dry process, which was repeated 6 times: the substrate was dipped 
into the dispersion, submitted to a padding process and then dried at 100 ºC after each step.  

PEDOT:PSS@tex: In this fabrication process, 100% cotton Jersey textile (thickness: ~140± 13 
μm; areal density: 90 g m-2) provided by Cottonanswer S.A and commercial PEDOT:PSS paste 
CLEVIUS STM V4 from Heraeus were used. The PEDOT:PSS was applied through coating with a 
laboratory knife over roll coating unit type SV from Mathis AG. The sample was dried at 100 ºC and 
finally thermofixed at 140 ºC for 3 min.  

 

Optical microscope images were collected to provide information on the structure of the fabrics 
before and after their coating with the shielding materials. The thickness of the samples was measured 

Fig. 1. Dip-pad-dry and coating processes used for the fabrication of the MWCNT- and 
PEDOT:PSS-coated fabrics, respectively. 
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using a Mitutoyo Digimatic Indicator (accuracy of 1 μm). The electrical resistance was measured 
using the four-probe method, in which a 2410-C from Ketheley Instruments Inc. was used to apply 
the current intensity between the external contacts and then measure the voltage between the internal 
ones. The electrical conductivity (σ) was calculated from the Ohm’s Law and using the following 
equation: 

𝜎𝜎 =
𝑑𝑑
𝑅𝑅𝑅𝑅

 
(1) 

 
where d is the distance between the contacts, R is the electrical resistance and A is the sample area. 

EMI shielding properties were measured using the transmission line test with waveguides. In this 
setup, a transmission line was created using two rectangular waveguides, and the sample under test 
was placed in the middle junction between them. This transmission line was connected to a vector 
network analyzer (VNA) 37247D from Anritsu. The VNA emitted the EM radiation and received it 
after passing through the sample. From these values, the VNA returned the scattering parameters (S21 
and S11) that are related to the transmission (𝑇𝑇 =  |𝑆𝑆21|2) and reflection (𝑅𝑅 =  |𝑆𝑆11|2) coefficients, 
respectively. In this setup, three types of commercial grade straight waveguide sections were used 
from Altaix Electronica (Spain), for measuring frequencies in the ranges of 5.85–8.2 GHz (WR-137), 
8.2–12.4 GHz (WR-90) and 12.4–18 GHz (WR-62), leading to an overall band frequency of 5.85–18 
GHz. 

SE was calculated through the power loss between the incident and transmitted EM fields after 
passing through the shield. Since the shielding process is a result of the involved mechanisms, the SE 
can be calculated by [18]: 

𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝐴𝐴 +  𝑆𝑆𝑆𝑆𝑅𝑅 + 𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀 (2) 

where SEA is the SE by absorption, SER is the SE by reflection and SEMR is the SE by multiple 
reflections. 

These quantities can be calculated by T, R and absorption (A) coefficients, which refer to the fractions 
of power that are transmitted, reflected and absorbed, respectively. Thus, 

𝑆𝑆𝑆𝑆𝑇𝑇 = −10 log(𝑇𝑇) (3) 
 

𝑆𝑆𝑆𝑆𝑅𝑅 = −10 log(1 − 𝑅𝑅) (4) 
 

𝑆𝑆𝑆𝑆𝐴𝐴  =  𝑆𝑆𝑆𝑆𝑇𝑇 −  𝑆𝑆𝑆𝑆𝑅𝑅 − 𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀 (5) 
 
Since multiple reflections can be negligible, then: 

𝑆𝑆𝑆𝑆𝐴𝐴  =  −10 log
𝑇𝑇

1 − 𝑅𝑅
 (6) 

By using equations 2–6, the values of SER, SEA and SET were obtained. These parameters were 
investigated over the frequency range of 5.85–18 GHz. 

Results and Discussion 
The attainment of a uniform coating is a main requirement while applying an EMI shielding material 
on a fabric substrate. The MWCNT@tex, which was prepared by the dip-pad-dry process, presented 
a black coloration and homogeneous coating; nevertheless, it presented increased stiffness relative to 
the parent textile. On the other hand, the PEDOT:PSS@tex-based sample prepared by coating 
displayed blue coloration and a very smooth surface. The described topology of the textiles before 
and after the coating processes is illustrated in Fig. 2, where it can be observed the change of 
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coloration of the fabrics, confirming the incorporation of the materials. Additionally, the difference 
between the topology of the two types of parent textiles is perceptible, since they differ in color, 
grammage and thickness.   

 

The successful incorporation of the materials was also confirmed by the increase of the samples mass 
(Table 1). The MWCNT-based sample contained 9.4 wt.% of MWCNT@tex, while the 
PEDOT:PSS@tex had significantly higher material loading, of 70.7 wt.%. The thickness of the 
textiles also changed upon the incorporation processes from ~677 ± 83 μm to 995 ± 10 μm for 
MWCNT@tex, and from ~140 ± 13 μm to 208 ± 13 μm for PEDOT:PSS@tex, corresponding, in both 
cases, to an increase of 1.5 times relative to the parent substrates. The thickness increase effect is 
more perceptible for MWCNT@tex (∆t = 318 ± 11 μm), which could be a disadvantage for 
applications where low thickness is a desired property. In contrast, the PEDOT:PSS@tex sample had 
a very small increase of thickness (∆t = 68 ± 27 μm), preserving the textile flexibility features.  

After coating processes, there was a significant improvement in the electrical conductivity of the 
samples, changing from pure electrical insulators to conductors. The electrical conductivity was 
higher for PEDOT:PSS@tex than for MWCNTs@tex, of 31.02 S m-1 and 3.99 S m-1, respectively.   
 

Table 1. Properties of the produced EMI textile shieldsa 
Sample Weight  

[wt.%] 
Thickness (t) 

±0.001 
[mm] 

Electrical 
Conductivity (σ) 

[S m-1] 

SEave 
[dB] 

∆SE 
[dB] 

SE/t 
[dB mm-1] 

SE/∆m 
[dB g-1] 

MWCNT@tex 9.4 0.995 3.99 35.6 2.0 36 127 
PEDOT:PSS@tex 70.7 0.208 31.02 38.3 0.6 184 70 

a Weight percentage (wt.%), thickness (t, mm), electrical conductivity (σ, Sm-1), average shielding 
effectiveness (SEave, dB) measured from 5.85 to 18 GHz and the respective standard deviation (∆SE, dB), 
average SE normalized by thickness (SE/t, dB mm-1) and average SE normalized by weight variation 
(SE/∆m, dB g-1). 

The shielding properties (SER, SEA and SE) vs. frequency curves for MWCNT@tex and 
PEDOT:PSS@tex are presented in Fig. 3. The frequency-dependent SE curves of the parent substrates 
are also shown in Fig. 3c. 

 
Fig. 3. Frequency-dependent shielding properties of the coated samples from 5.85 GHz to 18 GHz: a) shielding 

effectiveness by reflection; b) shielding effectiveness by absorption and c) total shielding effectiveness. 

Fig. 2. Images of the textiles before and after the coating process for MWCNT@tex (left) and 
PEDOT:PSS@tex (right), captured with an optical microscope. 

Solid State Phenomena Vol. 333 165



The average EMI shielding due to reflection in the measured band frequency was ~6.3 ± 0.6 dB for 
MWCNT@tex and ~14.8 ± 3.7 dB for PEDOT:PSS@tex, while the average EMI shielding by 
absorption was ~29.3 ± 2.4 dB for MWCNT@tex and ~23.4 ± 3.7 dB for PEDOT:PSS@tex. For both 
shields, the mechanism of absorption was dominant. Moreover, this feature was more relevant for 
MWCNT@tex, where the shielding by reflection was smaller, being 2.3 times lower than the value 
presented by PEDOT:PSS@tex. The PEDOT:PSS@tex presented the best reflectivity when 
compared with MWCNT@tex, which presented much higher absorption features. The SER is mainly 
affected by σ, which is in accordance with the results obtained herein, in which the highest σ was 
obtained for PEDOT:PSS@tex. In contrast, the absorption mechanism is affected by ε, µ and t. Since 
MWCNT@tex does not display magnetic properties, the higher value of SEA relative to the SER could 
be justified by its dielectric properties. Moreover, since the absorption process takes place inside the 
shield instead of occurring at the surface, like reflection, the thickness of the shield becomes a 
prominent factor. This fact is corroborated by the smoother and practically constant SER(f) curve 
obtained for MWCNT@tex, while the SEA(f) curve presented higher values throughout the measured 
frequency range, and increased as the frequency increased. This EMI rising trend with frequency can 
be justified by the fact that the wavelength of the EM radiation becomes smaller as the frequency 
increases, hindering its penetration through the conductive paths that are present within the textile 
fibres. On the other hand, for PEDOT:PSS@tex, the SER values increased as the frequency increased, 
reaching a maximum value of ~22dB at the frequency of 8.4 GHz, and stabilizing afterwards. 
Simultaneously, a decrease of the SEA was observed, reaching a minimum of ~16 dB at 8.4 GHz.  
Concerning the overall average shielding effectiveness, the values were above 30 dB and comparable 
for both samples: ~35.6 ± 2.0 dB and ~38.3 ± 0.6 dB for MWCNT@tex and PEDOT:PSS@tex, 
respectively (Fig. 4). The parent textiles did not display any shielding properties, having SE < 1 dB. 

Although the total SE values were similar for both PEDOT:PSS@tex and MWCNT@tex, from a 
more practical and comparative point of view, one should compare the shielding properties 
normalized to the thickness of the shield or to the quantity of material that was used to produce such 
shield. The authors consider that these normalizations are more realistic and helpful in the selection 
process of EMI shields for diverse applications, where thickness and lightness could be key properties 
(e.g., wearables and aerospace applications). Therefore, the SE was normalized to the thickness (SE/t) 
and weight variation (SE/∆m) and those results are summarized in Table 1. When the effect of the 
thickness of the sample was under investigation, the SE/t was higher for PEDOT:PSS@tex (184 dB 
mm-1) than for MWCNT@tex (36 dB mm-1). Concerning the weight, SE/∆m was higher for 
MWCNT@tex (127 dB g-1) than for PEDOT:PSS@tex (70 dB g-1). Thus, for thinner coatings and 
consequently flexible textiles, PEDOT:PSS@tex would provide better shielding, while for less 
material usage (lighter), MWCNT@tex is preferred.  

Fig. 4. Average SE (in dB) by reflection, absorption and total SE for MWCNT@tex and PEDOT:PSS@tex and the 
respective parent textiles. 

166 Textile Materials



Through the SE values of the shielding materials, it is possible to classify them in 5 different grades, 
from excellent to fair. This classification, presented in Table 2, comprises professional use (e.g., 
protective uniforms) and general use (e.g., casual clothing, maternity wear) [19].  

Table 2. Classification of the shielding effectiveness for professional and general use. Adapted from [19]. 

 Grade SE range 

Pr
of

es
si

on
al

 
U

se
 

Excellent SE > 60 dB 
Very Good 60 dB ≥ SE > 50 dB 
Good 50 dB ≥ SE > 40 dB 
Moderate 40 dB ≥ SE > 30 dB 
Fair 30 dB ≥ SE > 20 dB 

G
en

er
al

 
U

se
 

Excellent SE > 30 dB 
Very Good 30 dB ≥ SE > 20 dB 
Good 20 dB ≥ SE > 10 dB 
Moderate 10 dB ≥ SE > 7 dB 
Fair 7 dB ≥ SE > 5 dB 

 
In terms of classification, both coated textiles can be classified as moderate for professional use and 
as excellent for general use, according to Table 2. Hence, the developed shields grant the possibility 
of having high levels of SE, comparable to the reported state-of-the-art [5–10], with the advantage of 
being produced through facile and scalable processes that can be applied in the textile industry.  

Conclusions 
In conclusion, it was verified that the use of MWCNTs or the conductive polymer PEDOT:PSS  was 
a promising strategy for EMI shielding textiles. Uniform and smooth coatings were obtained with the 
application processes used, dip-pad-dry for MWCNT@tex and coating for PEDOT:PSS@tex. The 
fabricated functional textiles displayed good electrical properties, presenting σ values of 3.99 S m-1 

for MWCNT@tex and 31.02 S m-1 for PEDOT:PSS@tex. It was possible to achieve absolute SE 
values above 30 dB for both functional textiles: 35.6 dB for MWCNT@tex and 38.25 dB for 
PEDOT:PSS@tex, which are classified as excellent for general use. Moreover, PEDOT:PSS had the 
advantage of creating a thinner textile-based shield (184 dB mm-1), while MWCNT was more 
effective when low material usage was desired (127 dB g-1). The preferred shielding mechanism was 
absorption, which was more relevant in MWCNT@tex. Hence, the methods and materials used in 
this work are effective, scalable, suitable to industry and could be applied in a diverse range of EMI 
shielding applications, such as wearable items, radar protection and aerospace applications. 
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Abstract. Textile reinforcements have established themselves as a convincing alternative to 
conventional steel reinforcements in the building industry. Due to their high load-bearing capacities 
in addition to a smaller concrete cross section required, the bond between textile and concrete is 
extremely important. In contrast to ribbed steel bars ensuring a stable mechanical interlock with 
concrete (form fit), the bond force of carbon rovings has so far been transmitted primarily via the 
coating of the textile, i.e. by an adhesive bond with the concrete matrix (material fit). However, this 
material fit must be activated over relatively large yarn areas, which does not allow material-efficient 
utilization of the mechanical load capacity of the textile reinforcement. Solutions involving profiled 
rovings promise significant improvements in the bonding behavior by creating an additional 
mechanical interlock with the concrete matrix. In order to achieve a form-fit effect between roving 
and concrete, a roving geometry inspired by ribbed steel bars has to be created. For this purpose, an 
innovative profiling process was developed and implemented. 

Introduction 
In the past two decades the use of textile reinforcements in concrete has been a well researched topic 
and in recent years [1]-[6] they have established themselves as a worthwhile alternative to reinforcing 
steel in the building industry. Especially their high tensile properties with up to three times the tensile 
strength of steel and their high load-bearing capacities in combination with the alkali resistance of 
the carbon fibers makes them stand out compared to conventional steel reinforcements, that need a 
comparatively thick concrete overlay of about 60 mm to protect them for outside influences, such as 
moisture, as an eventual corrosion can lead to a decrease of the material strength [7].  
In face of the climate change and considering the high CO2 emission for concrete production, the 
reduced material use in carbon reinforced concrete (CRC) proves to be a promising alternative for a 
new sustainable and lasting building style. One major step for a standardized application of biaxial 
textile structures was the introduction of the first general building approval for strengthening of steel 
reinforced constructions under bending with textile reinforced concrete in 2014 [8].  
Because of the high load-bearing capacities of the textile structure (e.g. tensile strength ≥ 3000 MPa 
and tensile stiffness ≥ 200 GPa) in addition to a reduced concrete cover of about 10-20 mm [7], high 
demands are to be made on the bond between textile and the surrounding concrete matrix. The bond 
between cementitious matrix and reinforcement can be generally characterized by three different 
mechanisms: the adhesive bond (material fit), a mechanical interlock (form fit) and friction (Fig. 1), 
e.g. [9], [10].  
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Depending on the fiber material, yarn processing, impregnation and profile of the yarn, the proportion 
of the individual bond mechanisms and most important of all, the total bond resistance, vary. In 

contrast to ribbed steel bars, that create a stable mechanical interlock resulting in a high transmittable 
bond stress trough the defined rib geometry, the bond stress of carbon rovings has so far been 
transmitted primarily through an adhesive bond with the surrounding concrete matrix via the coating 
of the textile and friction [1], [11], [12]. Compared to the form fit effect of profiled rebars, only 
relatively small bond stresses can be transmitted via the material fit of unprofiled rovings resulting in 
an inefficient use of the mechanical load capacity of the textile reinforcement [13]. Therefore 
solutions involving profiled rovings promise significant improvements in the bonding behavior by 
creating an additional mechanical interlock with the surrounding concrete matrix [14].  
In order to achieve a form-fit effect between a fiber-based reinforcement and concrete, a defined 
reinforcement geometry has to be created. Hereby various methods for the surface modification have 
been developed and tested in the past years. For example, surface treatments such as subtractive 
milling allows strong and defined surface profiles, but also additive methods like over-braiding, sand 
coating, wrapping and the application of plastic rips are possible, see e.g. [10], [13], [15]-[24]. All 
these methods have the fundamental deficit that the applied profile fails or shears off by surpassing 
higher bond forces because of a failure of the inner bond of the reinforcement (e.g. with milled ribs) 
or of the bond between yarn resp. bar and additionally applied surface structure. Solutions with a 
profile implemented in the yarn structure itself allow a permanent and durable roving geometry [25]. 
Well known methods are for example braiding, twisting, cabling and winding of the yarn [7]. A 
decisive disadvantage of these yarn profiling methods is the principle-related yarn elongation under 
stress and the telescopic failure of the yarn because of the newly created core sheath yarn structure 
[26]. These properties makes those yarn structures unsuitable for concrete reinforcement, because an 
increased elongation before complete load bearing after the failure of the concrete matrix results in 
increase crack openings [27]. Therefore, profiling processes are needed, that maintain the high tensile 
properties of the carbon fibers yet ensuring a permanent and bond-optimized roving geometry [25], 
[26]. For this purpose, a completely new and innovative yarn shaping process was developed and 
implemented at the Institute of Textile Machinery and High Performance Material Technology (ITM), 
where the roving obtains a patented tetrahedral shape through a complete geometrical profiling [28]. 
Hereby the shaping of the roving distinguishes itself by a uniform reorientation of all filaments, yet 
ensuring a sectional linear orientation of each filament in the roving for minimizing yarn elongation 
under load [25]. 

 
Figure 1. Schematic diagram of the bond mechanism in dependence on the slip (acc. to [10]) 
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Materials and Methods 
Profiled carbon rovings were produced from 3,200 tex carbon fiber heavy tows (CFHT) with 48 k 
filaments from Teijin Carbon, Germany (TENAX-E STS40 F13 [29]). As impregnation agent, an 
aqueous polymer dispersion on acrylate basis with 50 % solid content called TECOSIT R H- 0N from 
the company CHT Germany GmbH was selected. For the profiling of the carbon rovings, a newly 
developed profiling unit was used. This unit consists of two profile bars with alternately intersecting 
pins that interlock when the unit is closed. Within the cavity between the interlocking bars the roving 
is shaped into the new geometry, whereas the roving is compacted at the touching pins. During the 
shaping process, the CFHT acquires a new and innovative geometry in the form of a tetrahedral shape 
(Fig. 2 (a)) with a profile spacing of 20 mm and a defined deviation from the linear course on the 
roving surface (Fig. 2 (b)) [7]. The properties of the profile can be described by the difference between 
the maximum and minimum diameter in a cross-sectional taper (Fig. 2 (c)). The special feature of 
this geometry is the uniform reorientation of all filaments within the roving. Through the 
consolidation of the polymer matrix under IR radiation, the profiling is permanently stabilized.  

 
 

 
(a) (b) (c) 

Figure 2. Profiled carbon roving with a tetrahedral geometry;  
original (a) and schematic (b) illustration and a schematic cross-section (c) 

As a reference (Ref) for the tensile properties of the profiled rovings, a un-impragnated roving from 
a spool (Ref-Spool) (3,200 tex 48 k TENAX-E STS40 F13 [29]) and an impregnated, unprofiled 
roving from a commercial textile reinforcement (Ref-Textile) called SITgrid 040 from the company 
Wilhelm Kneitz Solutions in Textile GmbH (Germany) with the same impregnation agent and roving 
material was used (Fig. 5 (a)). This textile was extensively tested during the Carbon-Concrete-
Composite (C³) - project [30] and represents a reliable reference. 
Yarn profiling technology 
The general profiling process including the impregnation is illustrated in Fig. 3. 

 
Figure 3. Schematic diagram of the profiling process 

The profiling is divided into four separate process sections. First of all, the CFTH and the polymer 
dispersion are stored separately. Before the shaping, a single CFHT is completely immersed into the 
impregnation agent with no tension applied. This enables a very good impregnation, because the 
polymer can penetrate the entire roving cross-section and also embeds the core filaments well, 
resulting in an improved inner bond, thereby leading to a uniform activation of all filaments under 
load and thus to a homogeneous stress distribution in the yarn’s cross-section. The immersed roving 
is then placed in the profiling unit with the unique profiling tools, that when closed form a cavity as 
a negative to the tetrahedral shape. Hereby the roving is uniformly shaped into the new geometry, 
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which is than stabilized via infrared radiation. During the stabilization the water of the polymer 
dispersion is evaporated until only the polymer is left. After the cross-linking is completed, the roving 
is cooled and removed from the unit.  
For first test, a prototype unit was used, that allows a static production of defined roving lengths. In 
order to produce continuously, a laboratory unit (Fig. 4) with the same general process was built at 
the ITM [31]. In contrast to the prototype unit, two circumferential chains with profiling tools define 
the shape of the roving geometry. The profile itself can be varied through the vertical distance of the 
interlocking profiling tools between the upper and lower chain. To ensure a high reproducible quality 
the impregnated roving is clamped between the interlocking tools during the drying, cross-linking 
and cooling until the shape is permanently stabilized. Because of the continuous production, quasi-
endless rovings can be produced. Due to their flexibility, they can be winded up and stored as a coil 
which allows universal applications for further textile processing. 

 
 

Figure 4. Schematic illustration of the laboratory profiling unit 
With the laboratory unit, rovings with different profile characteristics were produced. In Fig. 5 the 
different roving characteristics and their schematic cross-sections are illustrated.  

For a direct comparison to the reference textile, at first rovings with no profile (NP) (Fig. 5 (b)) were 
produced by increasing the vertical distance between the profile tools, that no shaping of the CFHT 
happened. Then, profiled rovings with different profile heights were produced by successively 
decreasing the vertical distance of the profile chains. So, rovings with a light (LP) and a strong profile 
(SP) were produced (Fig. 5 (c) and (d)). The difference between the minimum and maximum diameter 
for defining the profile strenght of the LP-rovings was about 0.6 mm and for the SP-rovings 
approximately 1.0 mm. The NP-roving had a circular cross-section with a diameter of 2.2 mm. The 
roving extracted from the reference textile (Fig. 5 (a)) had a relatively undefined oval cross-section 
due to the warp-knitting process and constriction of the knitting thread. For determination of the 
tensile strength, the proportion of the impregnation in the cross-section area was not taken into 
account. It was defined by the smallest packing density of the filaments. With a fiber density of 
1.77 g/cm³ and a fineness of 3,200 tex, the resulting cross-sectional area of the yarn is 1.81 mm². 
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Figure 5: Rovings with different profile characteristics; a) Ref-Textile, b) NP, c) LP, d) SP 
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Tensile tests on pure yarns 
For the determination of the tensile properties of the different rovings, a yarn from spool (Ref-Spool), 
a roving from the reference textile SITgrid 040 (Ref-Textile) as well as an unprofiled (NP) and a light 
profiled (LP) roving, were tested. The yarn from spool was tested according to ISO 3341 [32] with wrap 
clamps. Due to the stiffness of the impregnated rovings resulting in filament damage when wraped 
around the clamps, the ends of the single yarns have been resinated and clamped between metal clamps 
with a pressure of 35 bar. The tests were conducted acc. to DIN EN ISO 10618 [33]. For comparability 
of the results between the yarn from spool and the impregnated rovings, examinations of the influence 
of the clamping method on the determined tensile properties e.g in [34], especially for profiled rovings, 
are needed.  
The free yarn length of the impregnated rovings was 200 mm. During the testing with a test speed of 
3 mm/min, the entered force and elongation were recorded using reflex markers on the yarn and optical 
sensors. All tensile tests on pure yarns were performed with the testing machine Zwick 100. The testing 
parameters are shown in Tab. 1. 

Table 1: Pre-adjustments for the tensile strength testing methods 

Testing method ISO 3341 [32] DIN EN ISO 10618 [33] 
Sample holder Wrap clamps SPH50, steel 

smooth 
Metal clamps Demgen, steel 
file cut, 50 x 60 mm, 35 bar 

Force tensor 100 kN 100 kN 
Position encoder Optical elongation Optical elongation 
Pre-force 10 N 10 N 
Velocity of E-module 500 mm/min 3 mm/min 
Velocity of testing 500 mm/min 3 mm/min 
Clamping length 500 mm 200 mm 
Test specimens Ref-spool Ref-Textile, NP, LP, SP 
Specimen preparation Yarn from spool Impregnated roving with 

resinated clamping area 
 
Tensile test on the CRC composite 
For the tensile test on CRC samples, several yarns were clamped in a plastic framework to ensure a 
parallel and stretched position in the middle of the sample. Then, the fine grained concrete (Pagel 
TF10 [8], [35]) was filled in through a lamination process. The production of the specimens is shown 
in Fig. 6.  

 
Figure 6. Manufacturing of the specimen for the tensile tests on CRC composite 
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The 1140 mm long, 10 mm thick and 500 mm wide plate was then covered with damp cloths. After 
three days, the plate was demoulded and stored for 4 days in a water bath. Then it was stored in a 
climate champer until the tesile tests. At an age of circa 28 days, the plate was sawn in 6 cm wide 
stripes. Every stripe contained three profiled rovings.  
The tests were carried out at 20 °C at the Otto-Mohr-Laboratory of the Technische Universität 
Dresden. Information about the test set-up and the path-controlled test procedure can be found in [36]. 
During the tests, the machine force and way were recorded as well as the elongation of the middle 
part of free specimen length with two displacement transducers with a measuring length of 200 mm. 
Bond tests 
For the analysation of the bonding behavior, this study focused on the pull-out test results. Pull-out 
specimens for testing purposes were created by embedding the profiled carbon rovings in a fine 
concrete drymix (binder compound BMK 45-220-2) in a cube formwork at the Institute of 
Construction Materials of the Technische Universität Dresden. Hereby the specimens consist of two 
centered concrete blocks at the yarn ends and a free yarn segment of 120 mm in-between the blocks. 
The embedment length at the upper concrete block was set to 50 mm with a concrete cover of 40 mm 
and for a defined yarn fixing the lower concrete block has an increased embedment length of 90 mm. 
The specimens are fixed in an upper and lower specimen holder and the pull-out strength was 
measured by a single-sided pull-out from the upper concrete block with a controlled quasi static load. 
The pull-out-length is measured through an optical system consisting of a laser sensor head and 
aluminium clips, which are fixed to the yarn. To determine the characteristic bond-slip relationship, 
the specimens were tested at 20 °C exactly 28 days after the embedment. Different specimens (Fig. 5 
b, c, d) were tested from rovings with no profile, with a light profile and with a strong profile, all 
produced on the laboratory unit. 

Results and Discussion 
The following two diagrams show the mean-values of the tensile strength (Fig. 7 left) and the Young’s 
modulus (Fig. 7 right) with the single standard deviation of the different series of roving 
configurations. For each series, a minimum of seven single specimens were tested. 

  
Figure 7. Tensile strength (left) and Young`s Modulus (right) of different CFHTs 

The tensile tests have shown that the impregnated rovings have at least twice the tensile strength of 
the roving without impregnation (Fig. 7 left). As described before, the impregnation improves the 
tensile strength due to a higher inner bond between the filaments and their more uniform activation. 
With about 3,800 N/mm², the unprofiled roving from the laboratory unit achieves the highest tensile 
strength of all roving configurations. The thesis is that the impregnation in the immersion bath, with 
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minimal tension applied to the yarn, results in a more even distribution of impregnation in the roving 
and reduced air gaps between the fibers compared to warp-knitted rovings with subsequent 
impregnation, leading in a better material utilization. In order to proof this thesis, microsection 
analysis are carried out in further examinations The profiled roving from the laboratory unit with a 
mean value of about 3,400 N/mm² achieves almost the same tensile strength as the reference textile 
with 3,600 N/mm².  
The Young’s modules of the different yarn configurations are illustrated in Fig. 7 (right). All rovings 
showed approximately the same values of about 230 GPa. Most interesting is the Young’s modulus 
of the profiled yarn with about 220 GPa. This illustrates, that the profiling has only a marginal 
influence on the tensile properties of the roving and due to the defined deviation of the filament course 
with a uniform filament length, the profiled roving maintained the high tensile properties. It had 
comparable properties to the impregnated, unprofiled yarn extracted from the reference textile (Ref-
Textile) and is therefore suitable for concrete reinforcements with high tensile stiffness [27]. It is also 
noticeable, that the profiled roving had a reduced standard deviation compared to the reference textile, 
which indicates uniform and consistent material properties due to a reproducible process. 
In the following diagram (Fig. 8) the mean value curve of tensile tests on the profiled rovings 
embedded in the concrete matrix are displayed. Hereby, the characteristic crack formation process of 
the composite starting at about 0.2 % elongation is recognizable. With increasig load, more cracks 
form until the completed crack pattern is reached. In the following, the complete load is carried by 
the textile reinforcement until failure. Remarkable is the hight tensile strength of the profiled rovings, 
achieving a mean value of 3,550 N/mm². The strength increase of the composite compared to that of 
the single rovings resulted from the different load application on the roving. In the yarn tensile test, 
the entire, single roving is under load until the weakest roving section fails. During the tensile test of 
the composite only sections of the roving in the cracks are fully stressed, and the load is distributed 
between the three embedded rovings. Therefore, the weakest section is less likely to be tested, 
resulting in higher tensile strengths. 

 
Figure 10. Tensile stress-elongation curve of profiled rovings embedded in fine concrete,  

mean value curve 

The characteristic bond behavior of different profiled carbon rovings (Fig. 5 c, d) in concrete is shown 
in comparison with an unprofiled roving (Fig. 5 b) in Fig. 9 as mean value curves of five single tests 
each. Hereby the mean value of the maximum transmitted bond stress is displayed in the diagramm. 
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Figure 9. Bond stress-slip relationship of the different profiled rovings, determined on 
samples with a concrete cover of 40 mm and an embedment length of 50 mm at 20 °C; 

SP – strong profile, LP – light profile, NP – no profile 

Due to the improved mechanical interlock of the profiled rovings, the resulting bond strengths are 
well above that of rovings with no profile. he diagramm shows, that rovings with a strong profile 
transmitt up to 2.5 times the bond force of rovings with no profile. Light profiled rovings achieve 
alsmost twice the maximum bond strenght of unprofiled ones. 
Hence, the defined tetrahedral profiling shows three effects. On the one hand, the rovings offer 
enhanced bond stiffness, recognisable by the steeper slope of the curve, and on the other hand they 
provide increased pull-out resistance. The results thus show that it is possible to influence the bond 
properties trough a defined profile geometry. Furthermore, the profiling process does not negatively 
influence the tensile load-bearing behavior.  

Conclusion 
Results show that the newly developed profiled carbon rovings are able to transmit higher pull-out 
loads and demonstrate a significantly improved bond-slip behavior compared to straight fiber strands, 
yet maintaining their high tensile properties making them particularly suitable as concrete 
reinforcement. The creation of a form-fit based on a uniform reorientation of all filaments enhances 
the bonding between carbon rovings and concrete matrix. In conclusion, the newly developed profiled 
carbon rovings make an important contribution to the production of high performance CRC structures 
with significantly better bond behavior and enhanced material efficiency. To enable the industrial 
application, an automated laboratory unit has been developed at the ITM of the TU Dresden. 
In order to produce profiled, grid-like textile reinforcement structures for concrete applications 
(Fig. 10), conventional textile manufacturing 
processes for the production of textile 
reinforcement structures, such as the multiaxial 
warp knitting technology, have to be adapted 
and further developed. Optimization of the 
roving geometry through a fundamental 
analysis of the bonding mechanisms between 
the concrete matrix and the profiled roving will 
be the subject of future research. Furthermore 
an analysation of the uniform reshaping of the 
filaments through micrographic examinations 
will be part of further studies. 
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Abstract. Fiber-reinforced plastic (FRP) structures are established in numerous lightweight solutions. 
Among textile products available for technical applications, flat woven fabrics are commonly used to 
produce 3D components. In order to convert the flat woven structures into 3D geometries, draping 
and cutting processes are applied primarily. This leads to structural distortions, yarn interruption and 
overlaps of the layers. Beside the resulting reduction of mechanical properties, manual work steps are 
necessary. 3D woven fabrics offer outstanding possibilities for realizing net-shape FRP lightweight 
structures while avoiding these disadvantages. A current challenge in the manufacture of 3D net-
shape structures is the direct generation of desired geometry during the weaving process. The aim of 
the presented work is the development of a novel weaving technology that enables the creation of 
spherically curved woven fabrics. Constructive-technological solutions are presented and the required 
mathematical as well as weaving modelling is shown. 

Introduction. 
Textile woven fabrics are primarily produced as 2D structures on classic weaving machines and made 
available as rolls for further processing steps. However, three-dimensional structures are required for 
numerous applications. In Particular, technical textiles made of high-performance fibres for the use 
in composite sector must meet special requirements of complex 3D structures. In general, there are 
two basic processes for converting conventional 2D textiles into a three-dimensional shell-like 
structure. Firstly, using the fabrication process, almost any geometry can be created by cutting 
individual parts and then joining them by sewing or gluing. However, composite components 
produced in this way show overlaps of the individual cut parts at the joints, leading to thick spots in 
the final product. The force flow along the reinforcement yarns is interrupted at these points and the 
component becomes more sensitive to shear forces. This prevents an optimal exploitation of the 
outstanding properties of high-performance materials [1]. In addition, the individual manufacturing 
steps are usually associate with manual work that makes the process cost-intensive [2]. Secondly, 
shell-shaped preforms for fibre reinforced plastic components can be obtained from 2D textiles 
through draping processes. However, this process is limited in terms of producing a wrinkle-free 
shape. In addition, the draping capacity of the textile is significantly reduced by the use of almost stiff 
high-performance fibres such as carbon or glass. 
As an alternative to these methods, spherically curved textile surfaces can be produced directly during 
the manufacturing process. The focus of numerous research activities is to reduce the process costs 
during preform production through concepts for the production of near-net-shape semi-finished 
products [3–5]. In particular, developments were made in the field of textile fabrication technology 
for the direct production of three-dimensional structures. In the field of knitting technology, solutions 
were developed for flat knitting machines as well as for multiaxial knitting machines [6–9]. In 
addition, there are numerous developments in the field of weaving technology [9–15]. 
The "Shape 3 weaving process" developed by Büsgen is particularly suitable for the fabrication of 
spherically curved woven fabrics [16]. In the process, a special fabric take-up is combined with a V-
shaped reed that can be moved vertically up and down. Both the distance between the warp yarns and 
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the length of the individual warp yarns can be varied to create a 3D textile structure. The 3D fabric 
produced via a programmable take-up mechanism. The fabric is then cut out of the weaving plane 
using a frame with cutting edges. The fabric has a lower yarn density in the area of the curvature than 
in the surrounding area. This difference can be compensated by varying the fabric weave pattern. The 
Shape-3 process is limited in terms of the width of the fabric, as the use of the V-shaped reed cannot 
be carried out on weaving machines with width over 100 cm. In addition, no variation of the target 
geometry is possible without changing the fabric take-up.  
Since a weaving processes is missing which combines high productivity with simultaneous 
variability, a new weaving process for the production of three-dimensional structures was developed 
in the present work. The aim is to use conventional wide weaving machines without the need for 
costly modification. 

Description and Development of Noval Take-up-Free-Weaving-Technology. 
In conventional weaving, 2D fabrics are created with constant spacings between weft and warp yarns 
over the entire length and width of the fabric, respectively. Within classical woven structures, the 
warp spacing can only be varied over the entire fabric width and the parallelism between the yarns is 
not cancelled. Thus, the local warp yarn distances are independent of the respective crossing weft 
yarns. If, on the other hand, yarn spacing of a warp yarns is changed locally with the weft yarn 
crossing in each case, the parallel alignment is cancelled. If these yarn spacings are now inserted in 
such a way that a widened area of the warp yarns is enclosed by a targeted tapering of the warp yarns 
or correspondingly vice versa, the fabric curves up into a spherical curvature at this point (Figure 1).  

 
Figure 1: Creation of sperically curved structure via different warp lengths 

The basic idea of the presented work is to realize these different warp lengths across the fabric width 
by implementing different weave patterns for the interlacing between weft and warp yarns. In fact, 
short weft yarns can be inserted when the number of crossing points with warp yarns reduces (Figure 
2). To insert warp yarns with different lengths into certain fabric areas, it is necessary to push the 
corresponding weft yarns together. This is not possible by using the common take-up of a loom 
because all warp yarns are pulled in the same way. Therefore the take-up free weaving technology 
has been developed, which in combination with creel feeding system allows the maximum flexibility 
of inserting different warp lengths.  
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Figure 2: Insertion of different warp length via weave pattern interlacing 

To insert different warp yarn lengths into the fabric by using a conventional loom it is possible not to 
pull on all warp yarns in the same way. The development of take-up-free weaving can avoid the need 

for a costly special take-up which 
should be able to pull on each warp 
separately. Therefore, a weft 
retention system was developed to 
enable take-up-free weaving. The 
solution involves a hook-based 
system, which can be installed in the 
fabric formation zone and locks the 
weft yarns during the weaving 
process. Additional the slipping back 
into the weave formation zone and 
the collision with the weft insertion 
elements can be avoided. The 
movement of the fabric itself is done 
by beating up process of the reed. 

Figure 3 shows the developed construction principle. A two-part hook system is used so that the weft 
yarns can be entered between these hooks. Both hooks have long “tips”, which are engaged between 
the reed bars so that the reed will not crash the hooks. To insert the weft yarns into the fabric, the reed 
pushes the weft yarns over the lower hook into the nose of the upper hook when moving from position 

1 to position 2 (Figure 3, steps 1-7). This ensures a 
smooth insertion of weft yarn and a high process 
reliability. Through the fixation of the weft yarns, 
the entire fabric is prevented from sliding back into 
the weft insertion zone. In addition, the warp 
tension required in the weaving process is 
maintained. The movement of the reed initiates the 
transport of the fabric itself. The developed system 
can be installed in a common loom. To carry out 
the test series, the developed weft retention system 
was installed and tested at a Dornier PTSJ rapier 
weaving machine with a Jacquard device (Figure 
4). The system was assisted with a selvage bracket 
to improve the safety of the weft yarn insertion 
process.  

Figure 4: Installation of the weft yarn retention system 

  

Figure 3: Hook system for take-up-free weaving 
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Description of The Basics in Take-up-Free Weaving. 
Without using the conventional take-up, the fabric is taken up only via the weft stop motion and warp 
yarns are incorporated with different lengths depending on the weave pattern. In order to create a 
spherically curved structure, the yarn distances must either be locally extended or reduced according 
to the existing curvature. By using the Jacquard technique, it is possible to control each individual 
warp yarn so that it performs a shed change or remains in the previous position. This makes it possible 
to insert different warp yarn lengths into the structure according to the number of intersections 
between weft and warp yarns. To calculate the different incorporation of the warp lengths by using 
different weaves a density factor of the weave pattern can be determined. This is calculated on the 
basis of the number of yarn cross-sections resulting from the intersections within a weave unit. The 
cross-sections are calculated for each column and row summed up and divided by the maximum 
possible intersection (plain weave) (Eq. 1). For example, the density factor of the weave pattern twill 
weave shown in Figure 5 is 0.563.  

𝑝𝑝 =
∑ 𝑏𝑏𝑖𝑖1 𝑖𝑖∗∑ 𝑏𝑏𝑗𝑗

𝑗𝑗
1

R²
                                                                                                                                 (1) 

 
p theoretical density factor 

bi cross-sections along warp direction 

bj cross-sections along weft direction 

R  maximal cross-sections within the repeat size 

 
plain wave twill weave 

 
Figure 5: Calculation of theoretical density factor of twill weave 

To crosslink the needed length of the warp yarns with the calculated density factor of the weave 
pattern, it is necessary to determine the resulting weft density. The weft density can be associated 
directly with the warp length to be realized by creating the ratio between the length of the curvature 
and the surrounded flat length (Eq. 2 and Figure 6). With this correlation, it is possible to assign the 
needed weave pattern to the resulting warp length.  

 
weft density I
weft density II

= warp length II
warp length I

                                                                                                                         (2) 
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Figure 6: Calculation model of different warp lengths 

Practical Investigations and Results 
Developed calculation model: 
To carry out the experimental work, the weft retention system was implemented in a Dornier PTSJ 
rapier weaving machine with a nominal width of 1400 mm. The shedding is done with a Jacquard 
shedding device from Stäubli with single yarn control. Glass fibre rovings with a titre of 1200 tex 
were used as warp and weft yarn material. A warp yarn density of 5 yarns per cm was drawn in. The 
warp was drawn off tangentially from a creel equipped with disc bobbins. The creel was equipped 
with a passive compensation so that the warp yarn tension forces are maintained accordingly during 
weaving. 
 

To determine the basic 
relationships between the 
resulting weft density for 
corresponding weaves and 
the associated density 
factors, selected weaves 
were produced and 
evaluated within an 
experimental plan. For this 
purpose, plain weave 
(maximum density factor), 
variations of twill weaves as 
well as satin weaves were 
woven without take-up and 
their resulting weft density 
was evaluated. 

Figure 7: Ratio between weft density and density factor of the weave pattern  

The relationship between weft density and density factor of the present weave type is shown in Figure 
7. The weft density decreases with increasing density factor. Using numerical methods, the function 
according to equation (3) was developed from the measuring points. Taking into account the retention 
of the yarn material as well as the present machine settings, this enables the determination of weft 
density of any weave pattern. Using the equation, the weft density of the density factor present in the 
target area can be determined in advance, which in turn results in an optimally screened allocation of 
the weave for insertion of the defined warp yarn length. 
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𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑎𝑎 ∗ 𝑒𝑒𝑏𝑏𝑏𝑏 + 𝑐𝑐 ∗ 𝑒𝑒𝑑𝑑𝑑𝑑;   0 < 𝑝𝑝 < 1                                                                                           (3) 
 

p theoretical density factor (with Eq. 1) 

Equation 
constants 

a = 2.458e+04 

b = -21.77 

c = 10.46 

d = -0.7742 

 
The developed equation (3) has been implemented in a program routine to assign the required weave 
pattern to the yarn length necessary to achieve the target geometry of the textile. The geometry is 
covered with points using Matlab script and the distances between these points are calculated. The 
distances between the points correlate to the weave rapport. The calculated lengths are set in relation 
to the basic length around them. The ratio is assigned to a proper weft density ratio, which in turn 
allows the corresponding weaves to be determined according to equation (3). The control file for the 
Jacquard machine is created using the EAT-Design-Scope software. For this purpose, the developed 
programme outputs a colour file to which the corresponding weave is assigned.  
 

Table 1: Description of previous calculation (example of one warp yarn length) 

Warp yarn length on the spherical geometry 240.35 mm 
Base length 179.59 mm 
Length ratio 0.75 
Calculated density factor weave pattern I (for base length) 0.56 (twill 1-3) 
Calculated density factor weave pattern II (for warp 
length) 

1.0 (plain) 

Weft density weave pattern I (with Eq. 3) 6.90 
Weft density weave pattern II (with Eq. 3) 4.83 
Weft density ratio 0.70 

 

 
Figure 8: Developed process to determine the weave pattern arrangement 

To validate the developed theory and calculation, a spherically curved functional pattern with 
increasing warp length was woven and analysed. Using the developed program routine the warp yarn 
length are calculated and the ratio has been formed. In order to check the inserted lengths, the arc 
lengths were measured at different points, put into the ratio and compared with the previously 
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calculated weft density ratio. As a result, the averaged measured warp yarn length ratio is 0.76 and 
thus within the previously calculated range of the weft density ratio.  

Table 2: Checking the warp yarn lengths for take-up-free weaving 
Measurement 

 

Warp length Basic length Ratio 

a 230 mm 170 mm 0.74 

b 190 mm 148 mm 0.78 

c 150 mm 115 mm 0.77 

 
Developed simulation model: 
In order to simulate the forming process of the curved fabrics, an orthotropic material model was 
developed using LS-DYNA. This is based on the fact that locally different changes in length are a 
result of the different weft densities in the fabric structure. By introducing different expansion 
coefficients corresponding to the calculated weft density ratios, these changes in length can be 
specifically simulated. The correlation between the weft density ratio and the resulting change in 
length was checked using the weave pattern combination shown in Table 3.  
For the shaping simulation of the structure to be woven, the calculated partial surface pieces with the 
respective weave pattern areas were read into the LS-DYNA script in the form of the obtained pixel 
code output and the corresponding expansion coefficients were inserted.  
 

Table 3: Developed process simulation 

  
 

Input of different expansion 
coefficients into LS-DYNA 

Simulation of different local weaving  

Green: plain  

Blue: 4/4 twill S direction 

Checking the length change of the 
weave combination 
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Validation of the developed processes using a 
demonstrator component: 
With the development and production of a spring 
dome demonstrator, the developed technology of 
take-up-free weaving was validated for the 
provision of directly woven three-dimensional 
fabric semi-finished products. For this purpose, 
the geometry of the CAD model (Figure 9 
) was imported into the developed programme and 
the necessary warp yarn distances were 
calculated. The corresponding weaves were 
assigned to the ratio formed and the image file 
was created (Table 4).  
 
 
 

Table 4: Calculation of the different weave pattern areas of the component 

Area Weave pattern 

 

Red Twill 3-3 

Blue Twill 1-4 

Green Twill 1-3 

Brown Twill 1-2 

Yellow 5 end stitched twill  

 
Before the structure was manufactured, the mouldability was examined by using a developed 
simulation model. For this purpose, the strain coefficients equivalent to the weft density ratios were 
assigned to the corresponding weave areas. Afterwards, the moulding of the dry fabric was calculated 
(Figure 10).  
The control file for the Jacquard machine was then created. For this purpose, the necessary weaves 
were created in EAT DesignScope, the image file was read in and the corresponding weaves were 
assigned to the subareas. The control file was read into the existing Jacquard machine and the 
necessary settings for the selvage bracket were made in the control system of the Dornier PTSJ weave 
machine. The weaving pattern was then produced and cut out of the weaving plane. The semi-finished 
product was finished using the existing tool, consisting of an upper and lower tool. 

Figure 9: Demonstrator component of a spring 
dome 
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Figure 10: Simulation of the moulding process 

Analyse of the preform geometry: 
To analyse the dry woven preform of 
demonstrator (Figure 11) and to validate 
the developed process chain, the 
manufactured dry textile preform product 
was examined with regard to geometric 
accuracy. For this purpose, the textile 
semi-finished product was recorded by 
means of a laser triangulation process. The 
result of the scan was implemented in 
MatLab and compared with the CAD 
output geometry. For this purpose, the 
geometry of the CAD output model was 
placed in the result of the scan in such a 
way that the output model intersects it 
centrally. The result shows the deviation 
below (blue) and above (yellow) zero 
position. Taking into consideration the 
fabric thickness and different fabric weaves, there is a maximum deviation of ± 3 mm in the geometry 
of the manufactured textile semi-finished product compared to the initial model (Figure 12). 
 

 

Figure 12: Deviation of the woven preform 

Figure 11: Moulded dry preform 

Solid State Phenomena Vol. 333 191



 

Finishing the demonstrator:  
After the investigation of the geometry of the preform, the component was finished using the vacuum 
infusion process, whereby the woven structure was infiltrated with epoxy resin, cured at room 
temperature and finally demoulded. A resin system with a mixing ratio of resin to hardener of 100 to 
30, a dripping time of 100 g per 4 hours was used. After demoulding, the components were annealed 
at 80 °C for 24 hours to ensure complete curing of the resin.  
 

 
Figure 13: Finished component 

 
Results of the demonstrator: 
To evaluate the mechanical performance of the consolidated FRP component, a reference component 
was manufactured using a classically assembled preform. A single-layer plain fabric with the same 
yarn count was chosen as the textile reinforcement of the reference component for the demonstrator. 
The demonstrator and the manufactured reference component were examined with regard to an initial 
assessment of the impact behaviour by means of compression testing. The test was carried out on a 
Zwick Z100 testing machine. The FRP specimens were placed between two steel compression plates 
at a preload of 20 N and the resistance to deformation was tested at a test speed of 1 mm/min up to a 
maximum deflection of 20 mm. For an accurate assessment of the lightweight design, the 
performance was related to the weight per unit area. To compare the properties of the components 
deformations stiffness until the first fracture and resulting force after the maximum deflection was 
calculated. As a result, the demonstrator shows a 34 % higher deformation stiffness and fails at a 
19.5 % higher compressive force compared to the reference component (Figure 14). 
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Figure 14: Result of the impact behaviour 

Summary. 
To sum up, the developed technology for take-up-free weaving enables the manufacturing of 
spherically curved woven fabrics directly on the loom. During the weaving process, this production 
technology enables the introduction of different warp yarn lengths into the fabric structure by means 
of different weave patterns. The systematic arrangement of the different weave areas results in a 
purposeful adjustment of warp yarn length, based on which a three-dimensional fabric structure is 
formed. With the assistance of the developed calculation model, it is possible to investigate the warp 
yarn length needed to generate the final geometry of the structure. Thereby warp yarn length ratios 
are formed and related to a suitable weft density ratio to generate different warp yarn lengths. The 
developed theory has been validated with selected geometry. To determine the weaving feasibility of 
the target structure before manufacturing a simulation model was developed. This can be used to 
check the moulding of the fabric in advance by calculating the different inserted warp lengths of the 
weave pattern arrangement.  
The completely developed technology has been validated with by producing a demonstrator 
component. The developed tools has been used to calculate the needed warp yarn lengths and to 
generate the weave pattern that is later woven by using weft yarn retention system instead of 
conventional take-up. To evaluate the geometric accuracy of the final component, the dry preform 
has been scanned to determine the deviation compared to the initial geometry. The impact force has 
been measured and compared to a reference component which has been manufactured via sequential 
preforming. Finally, the component produced with the newly developed technology shows the 
advantages of weaving spherically curved fabric with continuous yarns through the composite.  
At the end the developed technology for weaving without take-up provides completely new textile 
structures of which the potential needs to be explored in further researches. 
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Abstract. Considering the risks facing nature today, the search for sustainable materials has become 
a necessity. The polyethylene, which is the main waste of the packaging sector, and the cotton fibers, 
which are among the leading wastes of the textile industry, are increasing day by day and the recycling 
these wastes by using them as reinforcement materials in composites emerges as a sustainable 
solution. The main purpose of this study is to develop a thermal insulation panel by combining the 
wastes from two different sectors. Therefore, 100% recycled composite materials are designed 
according to the different numbers and sequences of recycled cotton fiber layers and recycled 
polyethylene matrix plates and produced by hot press method. The physical and thermal properties 
of the samples are tested to evaluate their usability as a sustainable insulation panel.  

Introduction 
The consumption is continuously increasing due to the easiness of reaching raw materials and 

frequently changing requirements of the humanity. Plastics and textile materials are two major 
consumer goods leading the consumption economy [1, 2].  

The rate of textile waste per capita is increasing day by day with a great acceleration. In the light 
of the researches, it is predicted that the amount of textile waste per capita in the world in 2030 will 
be 17.5 kg [3]. The share allocated to cotton products in the textile sector is substantial and the cotton 
generates a large amount of solid waste both during its cultivation and through the textile industry 
(eg the process of combing cotton) [4]. There are several methods like disposal or energy recovery to 
handle these textile wastes. However, the most preferred options are recycling and reuse when the 
environmental issues are considered [5]. 

Plastics, which have become indispensable for our daily life, are accepted as extremely important 
materials of modern life with their superior properties such as low price, stability and flexibility [6]. 
However, one of the most critical environmental problems affecting all living things, ecosystems and 
even the economy around the world in recent years is the problem of the ever-increasing accumulation 
of plastic waste. On the other hand, the production of plastics also causes harmful gases such as 
carbon monoxide, dioxins, nitrogen oxides and hydrogen cyanide to be released into the air, which 
pose a serious threat to both the environment and human health [7]. Although there are many 
recycling methods, mechanical separation and recycling is known as the preferred method for the 
reuse of thermoplastic wastes [6]. Polyethylene, which has a large share among plastics, stands out 
with its advantages such as high chemical resistance, non-toxicity, excellent electrical properties and 
lightness. This high demand leads to high production volumes, resulting in high consumption rates, 
which highlights the importance of polyethylene collection and disposal [8]. 

Today, there is a tendency towards environmentally friendly alternatives in material selection for 
many application areas, and this trend ensures the widespread use of natural or recycled materials in 
insulation panels, as in other areas [9]. Examining previous studies, it has been proven that textile-
reinforced polymeric-based composite materials can be used in construction and building applications 
[3, 10]. These studies mainly focus on the use of recycled textile wastes of synthetic fibers such as 
polyester [11, 12] and natural fibers like wool, cotton, and flax [13-15] as a reinforcement/filling 
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material in composite structures. On the other hand, thermal insulation property of composite 
materials consisting of both recycled textile material and thermoplastic resin was rarely studied [16]. 

In this study, 100% recycled composite materials are designed according to the different numbers 
and sequences of recycled cotton fiber layers and recycled polyethylene matrix plates. The physical 
and thermal properties of the samples are tested to evaluate their usability as a sustainable insulation 
panel.  

Materials and Methods 
Materials. In this study, HDPE water bottle caps are used as matrix material, whereas cotton fibers 
(supplied by Realkom Company, Turkey) utilized from waste denim fabrics are used as reinforcement 
materials (Fig. 1).  

 

  
Figure 1. Matrix and reinforcement materials 

Methods.  
The production of composite materials. The production stages of composite materials are 

categorized into three parts. In the first part, reinforcement material is prepared. For this process, the 
waste denim fabrics are opened into their fibers using a rag pulling machine (Balkan Machinery). 
This process is repeated twice in order to achieve smooth fibers. Then, these fibers are transferred to 
the carding machine (Mesdan Machinery) to obtain enhanced fiber alignment and to eliminate the 
undesired fiber bundles. Lastly, fibers are wound on the drum 10 times to achieve required web 
density and then cut in linear form (Fig. 2).  

 

 
Figure 2. Preparation process of reinforcement material 

 
Secondly, the matrix plates are produced. HDPE bottle caps that are collected and cleaned are 

placed between Teflon sheets in 9x13 form for the production of 50x50 cm matrix plate by using a 
hot press machine (MKA Machine, Fig. 3). The caps are exposed to an increasing temperature for 30 
min and left to be soften before pressing. Production temperature is adjusted to 140°C and the matrix 
plates are hold under 18 tons pressure for 1 h. Then these plates are cooled under pressure for 24 h in 
order to get homogenous and smooth surfaces.  
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Figure 3. Hot press machine and the produced matrix plate 

 
Lastly, the composite panels are designed and produced. At this stage, the pre-produced matrix 

plates and carded fiber webs are arranged in different sequences to create different composite designs 
and each of them is covered with Teflon paper before placing into the hot press machine. Production 
temperature is adjusted to 140°C and 8 tons of pressure is applied. Five different composite designs 
(PFP, PFFP, PFFFP, PFPFP and PFPFPFP) are prepared. In sample codes, P and F refer to 
polyethylene plate and fiber web, respectively. In Fig. 4, polyethylene plates (P) are shown in blue 
color while fiber webs are in orange. 

 

 
Figure 4. Composite structure designs 

Test methods. Composite samples that are designed and produced are prepared for physical and 
thermal analyses. Thickness of the samples are measured by standard gage micrometer. In order to 
calculate fiber weight ratio, the weights of fiber webs are measured for specified unit area and 
proportioned to the total weight of the composite sample. For areal density, the ratio of total weight 
of composite to the total area of composite (g/m2) is calculated using the experimental data. All data 
is given as an average of at least 5 measurements.  

Heat transfer measurement test is performed for at least 5 samples according to ASTM E1225 
standard. Each sample was cut into circular forms with 112 mm of diameters (Fig. 5).  

 

  
Figure 5. Composite samples and the experimental setup for thermal analysis 
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Results and Discussion  
The average thickness, areal density and the fiber weight ratio values of the composite samples are 

given in Table 1.  
 

Table 1. Physical properties of composite materials 
Sample Code Avg. Areal Density 

[g/m2] ±SD 
Avg. Thickness 

[mm] ±SD 
Avg. Fiber Weight Ratio 

[%] ±SD 
PFP 867 ± 14 0.86 ± 0.03 12.9 ± 2.2 

PFFP 1183 ± 17 1.26 ± 0.04 23.9 ± 3.6 
PFFFP 1573 ± 17 3.50 ± 0.09 36.0 ± 3.9 
PFPFP 1543 ± 19 1.52 ± 0.01 17.5 ± 2.8 

PFPFPFP 2170 ± 23 2.10 ± 0.03 18.4 ± 2.6 
 

The results show that the thicknesses of the samples increased with increasing fiber web layers for 
the PFP, PFFP and PFFFP samples. However, the use of a matrix plate instead of a fiber web layer 
reduces the overall thickness, as can be seen from the PFFFP and PFPFP samples. This is due to the 
fact that inserting a matrix plate between the fibrous layers results in more compact structures under 
applied heat and pressure. On the other hand, when the PFPFPFP and PFFFP samples, in which the 
same number of fibrous layers used are compared, it is observed that the thickness value again 
decreased from 3.5mm to 2.1mm for the PFPFPFP sample with extra matrix plates placed between 
the fiber web layers. The reason for this is similarly, the matrix plates located between the fibrous 
layers melt, preventing the bulky structure and thus leading to the production of more compact and 
thinner samples. 

On the other hand, there is an increase in areal density values in direct proportion to the increasing 
number of layers, while PFFFP and PFPFP samples with the same layer number have similar areal 
density values. In composites from PFP to PFFFP, fiber weight ratios increase from 12.9% to 36%, 
respectively, with the increase of fiber layers. On the other hand, when the PFFP and PFPFP samples 
are compared, it is observed that the fiber weight ratio decreases from 23.9% to 17.5% with the extra 
matrix plate added in the PFPFP. As a result, the type of components, the number of their layers and 
their placement relative to each other in the structure affect the fiber weight ratio of the composites. 

Thermal conductivity coefficients of composite structures are given in Table 2.  
 

Table 2. Thermal conductivity coefficients of composite materials 
Sample Code Calculated λ 

[W/(m.K)] ±SD 
PFP 0.360 ± 0.021 

PFFP 0.279 ± 0.016 
PFFFP 0.106 ± 0.001 
PFPFP 0.436 ± 0.026 

PFPFPFP 0.471 ± 0.029 

When the first three samples (PFP, PFFP and PFFFP) are compared with each other, it is seen that 
the thermal conductivity coefficients of the samples decrease with increasing fiber content. This is 
due to the airy structure created by the increased fiber content in the composite structure. Air 
accumulates in the gaps formed by the fibrous content and this structure allows the material to exhibit 
insulation properties [17]. 

If the PFFP and PFPFP composite samples which have same amount of fibrous layer are compared, 
it is noticed that there is a distinct difference between each other. According to the results, the thermal 
coefficient of the PFFP is 0.279 W/(m.K), whereas the thermal coefficient of PFPFP is 0.436 
W/(m.K). This difference is resulted from the extra matrix plate introduced to the composite structure. 
With the presence of this matrix plate placed between fiber webs, compactness increases which results 
in elimination of structural air gaps thus poor thermal insulation features [18]. These findings also 
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support the physical attest results given in Table 1. Accordingly, PFFFP and PFPFPFP samples show 
similar characteristics too. However, when PFPFP and PFPFPFP samples are compared, no distinct 
difference in thermal conductivity coefficients are noticed since there are several matrix layers that 
compress fibers and reduce the insulation features. 

It is concluded that the thermal conductivity values of composite structures designed and produced 
from waste materials cannot compete with commercial insulation materials such as polyurethane 
foam (0.024 W/(m.K)) and glass wool (0.043 W/(m.K)). However, when the results of PFFP and 
PFFFP samples are examined, it is understood that the thermal conductivity values of these samples 
are comparable with those of supporting materials such as oak wood, pine wood, siporex board, 
thermolite board, light plaster and insulation brick (thermal conductivity values:  0.10-0.20 W/(m.K)), 
and can be an alternative to these products. In addition to the contribution of the produced materials 
to waste management, their low weight also provides an advantage for use in the construction industry 
[19]. 

Conclusion 
In this study, 100% recycled composite panels including recycled denim wastes and recycled 

HDPE bottle caps are successfully produced. Both physical measurements and thermal analyzes of 
composite samples with different layer numbers and sequences were carried out. In the findings that 
the physical results support the thermal results, it is observed that the increased number of fiber layers 
increased the overall thickness of the composite samples, but the matrix plates added together melted 
to reduce the bulky structure of these fibers, resulting in a more compact and thinner material. 
Thermal test results indicate that increasing fiber content leads in reduced thermal conductivity 
coefficients due to the air gaps trapped in the structure. Among samples, PFFFP, which has the 
thickest fiber web layer between two matrix plates, has the minimum thermal conductivity coefficient 
of 0.106W/(m.K) which can be the best promising one for the isolation purposes. 
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Abstract. The aim of this work is to investigate the effect of carbon micro particles used as epoxy 
resin fillers, for the mechanical properties of reinforced composites unidirectionally oriented carbon 
fibers. The motivation for this work was expansion knowledge of the possibilities of improving the 
user properties of these materials at maintaining their weight, thus finding new areas for application 
recycled carbon fibers from composite waste, which would also contribute to the solution issues of 
recycling and subsequent use of today's mostly landfilled composites. This work deals with the 
influence of carbon fillers embedded in epoxy resin on tensile and flexural properties of carbon fiber 
reinforced epoxy (CFRE) composites. Samples were made from unidirectional carbon multifilaments, 
and epoxy resin modified with selected carbon fillers in 2.5weight% concentrations. Composites were 
subsequently examined using flexural and tensile tests. All specimen filled with carbon particles 
showed increase of both, flexural and tensile properties, if compared to neat epoxy composites. 

Introduction 
Theoretically, we can improve the mechanical properties of fiber composites by increasing volume 
fractions of fiber reinforcement [1]. Unfortunately, this adjustment leads to an increase in weight (and 
prices) construction, where, for example, a standard glass-epoxy fiber composite, which has at 
volume fraction of 50% glass fibers density about 1650 kg.m-3, at volume 60% share already has a 
density of 1800 kg.m-3, which is about 150 kg of material per m3more. 
Another problem is the current technology of production of these composites (lamination to negative 
forms or winding rovings to a positive form), where real products reach volume filling with 
reinforcing fibers between 45-55%. At present, therefore the developers of these materials focus on 
the possibility of improving the mechanical properties composite matrices, which are a binder of fiber 
reinforcement, and one of the investigated the possibility is to use particulate fillers in the matrix 
structure [3]. 
This work investigates the effect of carbon microparticles used as epoxy resin fillers for the 
mechanical properties of reinforced composites unidirectionally oriented carbon fibers. The 
motivation for this work was both expansion knowledge of the possibility of improving the user 
properties of these materials at maintaining / reducing their weight, thus finding new areas for 
application recycled carbon fibers from composite waste, which would also contribute to the solution 
issues of recycling and subsequent use of today's mostly landfilled CFRE. 

Materials and Methods 
Material preparation. Carbon fiber reinforced composites is formed with unidirectional carbon 
fibers Tenax (1600 Tex, 1770kg/m3, 24000 filaments). Resin matrix system is based on green epoxy 
520/492 from company Spolchemie. This epoxy is certified EPD for significant CO2 savings in 
production, low oil content and high content of renewable resources [4]. As fillers were used the 
following materials: (1) recycled Carbiso Milled Carbon Fibers (CMF)[5], (2) Graphite platelets [6], 
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(3) 5x milled Carbonized Acrylic Fibrous Wastes (CAFW) [7], (4) 1x milled recycled CMF, (5) 5x 
milled recycled CMF. 

 
Figure 1. Types of used fillers 

 
Preparation of carbon particles from type (3) to type (5) using dry pulverization was carried out 

using high energy planetary ball milling (Fritsch). The sintered corundum container and zirconium 
balls were chosen for both 5 min. (1 cycle) and 30 min. (5 cycles) runs of dry milling. Samples (1) 
and (2) (Carbiso CMF and Graphite) were not milled. 

 
Figure 2. Scheme of preparations 

 
Test Methods. To evaluate the effect of carbon fillers on CFRE composites, two testing methods 

were selected as described below. For testing of flexular properties – 3PB test EN ISO 14125, and 
for testing of tensile properties - tensile test EN ISO 527-4 were used. Both tests were run on a tensile 
device TIRA TEST 2300 (Labortech), see Fig. 3, having adjustable measurement modules and 
corresponding tensile and 3PB jaws for both types of tests. Comparison of resultant flexural and 
tensile properties (strengths and moduli) are shown in Figures 4, and 5. All samples were tested in 
the longitudinal direction of the fibers. 

 

Types 1. CMF 2. Graphit 3. CAFW 5x milled 4. CMF 1x mill. 5. CMF 5x mill.
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Figure 3. Test samples –scheme,  TIRA TEST: 3PB, tensile properties. 

Results and Discusssion 
3PB. The modulus of elasticity can be defined as the internal resistance of a material to elastic 

deformation. As the modulus of elasticity increases, the stress required to achieve it increases 
specified deformations [8]. 

During the bending test, the flexural modulus, which is defined as the ratio of the stress differences 
of the outer surface of the samples to the difference in deformations bending determined by ISO. The 
values of bending stress must be based on the values of forces used for specified deformations. 

The obtained results show that the samples showed the highest dispersion of flexural strength with 
5x milled CMF in an epoxy matrix, which thus reached the maximum and minimum flexural strength 
compared to other samples. High coefficient of variation and the highest range of values when 
measuring three-point bending in a sample of 5x milled CMF may be caused by sedimentation of the 
ground particles in the composite matrix when impregnating the reinforcement, or by mixing the 
ground particles into lower ones layers of the composite, which can then form places in the fiber 
reinforcement through which it is not possible fibers impregnate with the matrix. 

 

Figure 4. Flexural strength σf [MPa] and modulus Ef [MPa] of filled and neat CFRE 
composites 

 
Tensile properties. The princip of the test is the clamping of the samples of rectangular cross-

section into the tearing jaws device and subsequent stressing of the clamped samples by uniaxial 
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tension. The jaws are anchored on the cross-members of the tearing device, whereby the tensile stress 
in the material is created constant by moving one of the crossbars [9]. The direction of the applied 
force during the tensile test is marked on Figure 4. The stress on the test specimen lasts in most tests 
until damage or rupture of the material when it reaches its ultimate strength.  

From the graphic representation in Figure 5  it can be stated that the highest tensile strengths 
reached composite samples with 1times milled Carbiso fibers in epoxy resin. Samples containing 5x 
milled particles had the second highest values of tensile strength times milled Carbonized Acrylic 
Fibrous Wastes, which again achieved better strength values than particles graphite, but with a much 
smaller difference than the flexural strength values in the test three-point bend. 

The lowest tensile strength was achieved by a sample with pure epoxy resin. Thus low values of 
tensile strength and modulus of elasticity may indicate that in the absence fillers in the resin, the 
composite material becomes far more brittle and less tough when uniaxial bending stress. 

 
Figure 5. Tensile strength σt [MPa] and modulus Et [MPa] of filled and neat CFRE composites 

 
It is obvious that carbon filling improved both, flexural and tensile properties of CFRE composites, 

in addition with minimal increase of volume density [2]. The highest flexural and tensile strengths 
obtained samples with 1x milled CMF, the neat epoxy systems are the weakest.  

In terms of carbon fillers used, the fillers achieved better results from recycled carbon fibers than 
graphite, which is the appearance to the purchase price and the origin of graphite is a very important 
finding. Especially composite samples from recycled ones achieved good mechanical properties 
ground CMF fibers, where the properties of the commercially available form have been improved 
ground fibers. If the Carbiso fibers were ground once more and 5x, it happened for composites to 
intensify mechanical properties. 

 

 
Figure 6. SEM image composite damage  - 100x magnified 
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Conclusion 
This work was focused on the study of the influence of different types of carbon particles that were 
used as a filler in epoxy resin, for the mechanical properties of composites reinforced with 
unidirectionally oriented carbon fibers. 
Suitable carbon fillers were selected and designed optimal concentration in epoxy resin. Recycled 
types of carbon fillers were milled. From a matrix of composite with carbon particles and fiber 
reinforcement, composites were made on which they were made mechanical tests for resistance to 
bending and tensile. From the results of these tests and after analysis of the obtained data showed that 
they have carbon fillers in the resin positive effect on the resulting mechanical properties of the cured 
composite at the selected concentration 2.5 weight %. After comparing the results with composites 
with pure epoxy resin, so we can say that carbon fillers are suitable for improvement mechanical 
properties of composites with fiber reinforcement. 
When summarizing the results of all mechanical tests, it can be stated that carbon filled epoxy 
composites performed better than those with neat epoxy. It indicates carbon fillers have great potential 
for improving the mechanical properties of CFRE. It is also remarcable that the best results were 
achieved for particles from recycled carbon fiber sources. 

With today's growing production of carbon composites, it is important to raise the issue possible 
use and recycling of composites that can no longer serve their purpose and be avoided thus their 
landfilling. From this point of view, the work brought new knowledge about the possible use of 
recycled particles to improve the mechanical properties of fiber composites reinforcement, which 
may bring further ideas to address the issue of recycling and subsequent use of today's mainly 
landfilled CFRE. 
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Abstract. A four node isoparametric shell element (Q4) based on Mindlin/Reissner plate theory and 
the alpha finite element method (αFEM) was formulated for obtaining a nearly exact solution of linear 
static and buckling analysis of textile-like sheet material. The novel idea of αFEM-Q4 is assumed to 
be similar to the framework of conventional finite element approaches for Q4, but the gradient of 
strains is scaled by a factor α ∈ [0, 1]. The numerical examples demonstrate that the αFEM-Q4 can 
improve the accuracy of FEM solution in static and buckling analysis shell structures of non-woven 
fabric. However, the αFEM-Q4 cannot provide the nearly exact solution to all elasticity problems. In 
addition, it also requires a quadrilateral mesh that cannot be fully generated by common geometric 
algorithms for complicated problem domains. 

Introduction 
A textile-like sheet materials in terms of plate and shell are one of the attractive lightweight 

structures that are extensively used by engineers in numerous industries [1-5]. Thin-shell structures 
(also called plate and shell structures) are thin in thickness and have significant length in other two 
directions [6, 7], e.g., woven and nonwoven fabrics, being denoted as thickness-to-length ratio �𝑡𝑡

𝐿𝐿
�. 

The applied loads on the shell surface commonly transmit through bending, tensile, shear and 
compressive stresses [4, 8-10]. Because of the complex form and load conditions of plate and shell 
structures their governing differential equation are complicated [11-13]. In plate and shell structural 
analysis, the finite element method is one of the most appropriate solution meeting the engineer. For 
instance, finite element method is applied for linear, nonlinear, static and dynamic analysis in design, 
development and manufacture of engineered fabric and composite structures [7-9, 14].  

Generally, there are four types of shell elements being used in analysis of plate and shell structures: 
flat shell finite elements, curved shell finite elements, axisymmetric shell finite elements and 
degenerated solid finite elements. Due to the simple theoretical formulation and efficient computation 
of flat shell element, this type of finite element is more employed than the other ones in finite element 
analysis of plate and shell structures. However, there are still a number of difficulties and a numerous 
number of solutions regarding to the theoretical development and practical improvement of shell 
elements based on Mindlin/Reissner plate theory can be found in recent literatures [1, 12, 15-17]. 
Recently, an alpha finite element method (αFEM) has proposed by Liu et. al. [18-20] for obtaining 
nearly exact solution in energy norm for computational mechanics’ problems using meshes that can 
be generated automatically for subjectively complicated domains. Thus, the main purpose of this 
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paper is to present a formulation of a four node isoparametric shell element based on Mindlin/Reissner 
plate theory and the alpha finite element method (αFEM), briefly illustrating the improvement of 
numerical precision and computational efficiency in finite element analysis of plate/shell structures 
and applying to the linear static and buckling analysis of textile-like sheet materials. 

Formulations for Linear Static and Buckling Analysis 
An arbitrary fabric sample can be assumed as a three dimensional solid that is described as an 

elastic domain Ω ∈ ℝ3 with a Lipschitz-continuous boundary Γ and a body force b acting within the 
domain Ω. The boundary Γ comprises of two parts, namely Γ𝑢𝑢 where Dirichlet conditions u� are 
prescribed, and Γ𝑡𝑡 where Neumann conditions t = t ̅are prescribed. Γ𝑢𝑢 and Γ𝑡𝑡  form a partition of the 
boundary Γ such as Γ = Γ𝑢𝑢 ∪ Γ𝑡𝑡. The static equilibrium equation governing the solid can be written 
in term of the stress field 

𝜕𝜕σ𝑖𝑖𝑖𝑖
𝜕𝜕x𝑗𝑗

+ b𝑖𝑖 = 0 with 𝑖𝑖, 𝑗𝑗 = 1, … ,3 in Ω. (1) 

Let C𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ε𝑘𝑘𝑘𝑘 be the elasticity tensor being the material constants of the solid. The stresses relate to 
the strains ε𝑖𝑖𝑖𝑖 via the constitutive equation (also known as the generalized Hook’s law) 

σ𝑖𝑖𝑖𝑖 = C𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ε𝑘𝑘𝑘𝑘  with 𝑖𝑖, 𝑗𝑗,𝑘𝑘, 𝑙𝑙 = 1, … ,3 in Ω. (2) 

For isotropic Saint-Venant Kirchhoff elastic materials, let 𝜆𝜆 and 𝜇𝜇 stand for the Lame´s elastic 
constants, C𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 can be rewritten in the form of 

C𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜆𝜆𝛿𝛿𝑗𝑗𝑗𝑗𝛿𝛿𝑘𝑘𝑘𝑘 + 𝜇𝜇�𝛿𝛿𝑖𝑖𝑖𝑖𝛿𝛿𝑗𝑗𝑗𝑗 + 𝛿𝛿𝑖𝑖𝑖𝑖𝛿𝛿𝑗𝑗𝑗𝑗�. (3) 

The strain tensor ε𝑘𝑘𝑘𝑘 relates to the displacements in the form of compatibility equations (or the 
kinematic equations) 

ε𝑖𝑖𝑖𝑖 = 1
2
�𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕x𝑗𝑗

+ 𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕x𝑖𝑖
�, (4) 

with 𝑢𝑢𝑖𝑖 (𝑖𝑖 = 1, … ,3) is the displacement component corresponding to the x𝑖𝑖-direction at a point in Ω. 
Substituting Eq. 2 and Eq. 4 into Eq. 1, the equilibrium equations can be expressed in terms of 
displacements 

𝜕𝜕
𝜕𝜕x𝑗𝑗

�C𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝑢𝑢𝑘𝑘
𝜕𝜕x𝑙𝑙
� + b𝑖𝑖 = 0 with 𝑖𝑖, 𝑗𝑗,𝑘𝑘, 𝑙𝑙 = 1, … ,3 in Ω. (5) 

For concise expressions, the Eq. 1, Eq. 2 and Eq. 5, respectively, can be rewritten in the matrix 
forms such as 

𝐋𝐋T𝛔𝛔 + 𝐛𝐛 = 𝟎𝟎, (6) 
𝛔𝛔 = 𝐃𝐃𝐃𝐃, (7) 
𝛆𝛆 = 𝐋𝐋𝐋𝐋, (8) 

where constants 𝐃𝐃 is the elasticity tensor can be found in literatures [7, 13] and can refer to [21, 22] 
for plane stress analysis. Substituting Eq. 8 into Eq. 7 which gives the equilibrium equation written 
in matrix form having the displacements as the main field variables. Thus, the Dirichlet and the 
Neumann boundary conditions are also specified as 

𝐮𝐮 = 𝐮𝐮Γ, (9) 
𝐋𝐋𝑛𝑛T𝛔𝛔 = 𝐭𝐭Γ, (10) 

in which 𝐋𝐋𝑛𝑛 is the matrix of the unit outward normal components. Hence, the strain energy (or 
potential energy) for elastic solid can be quantified via 

𝐔𝐔 = 1
2 ∫ 𝛆𝛆𝑇𝑇(𝐱𝐱)𝛔𝛔(𝐱𝐱)Ω dΩ = 1

2 ∫ 𝛆𝛆𝑇𝑇(𝐱𝐱)𝐜𝐜𝐜𝐜(𝐱𝐱)Ω dΩ, (11) 
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Consider Eq. 6 to Eq. 11 and apply the typical Mindlin-Reissner plate theory [16, 23], as shows in 
Fig. 1, for which the analysis of the membrane deformations, the uncoupling of bending and shear 
deformations are feasible. Thus, the displacement assumption gives 

𝑢𝑢(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢0(𝑥𝑥,𝑦𝑦) + 𝑧𝑧𝛽𝛽𝑥𝑥(𝑥𝑥,𝑦𝑦)
𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝑣𝑣0(𝑥𝑥,𝑦𝑦) + 𝑧𝑧𝛽𝛽𝑦𝑦(𝑥𝑥,𝑦𝑦)
𝑤𝑤(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝑤𝑤0(𝑥𝑥,𝑦𝑦)

. (12) 

with 𝑢𝑢0, 𝑣𝑣0 and 𝑤𝑤0 standing, correspondingly, for the displacement components along 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 
directions. 𝛽𝛽𝑥𝑥 = 𝜕𝜕w

𝜕𝜕𝜕𝜕
  and  𝛽𝛽𝑦𝑦 = 𝜕𝜕w

𝜕𝜕𝜕𝜕
 are, respectively, the rotations of the normal to the undeformed 

mid-surface in the 𝑥𝑥-𝑧𝑧 and 𝑦𝑦-𝑧𝑧 planes. 

 
Figure 1. A four-node isoparametric quadrilateral shell element. 

The matrices of membrane strain 𝛆𝛆𝑚𝑚, curvature strain 𝛆𝛆𝑏𝑏 and the transverse shear strain 𝛆𝛆𝑠𝑠 are 
calculated from the corresponding differential operators 𝐋𝐋 as formulated in Eq. 8, 

𝛆𝛆𝑚𝑚 =

⎩
⎪
⎨

⎪
⎧

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕⎭
⎪
⎬

⎪
⎫

, 𝛆𝛆𝑏𝑏 =

⎩
⎪
⎨

⎪
⎧

𝜕𝜕𝜃𝜃𝑥𝑥
𝜕𝜕𝜕𝜕
𝜕𝜕𝜃𝜃𝑦𝑦
𝜕𝜕𝜕𝜕

𝜕𝜕𝜃𝜃𝑦𝑦
𝜕𝜕𝜕𝜕

− 𝜕𝜕𝜃𝜃𝑥𝑥
𝜕𝜕𝜕𝜕 ⎭
⎪
⎬

⎪
⎫

 and 𝛆𝛆𝑠𝑠 = �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜃𝜃𝑦𝑦
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝜃𝜃𝑥𝑥

�. (13) 

In the buckling analysis, as the shell being enforced by in-plane pre-buckling stresses 𝜎𝜎𝑥𝑥0, 𝜎𝜎𝑦𝑦0 and 
𝜎𝜎𝑥𝑥𝑥𝑥0 , the geometric elastic strain energy gives 

𝐔𝐔σ = 1
2 ∫ (𝛆𝛆𝑔𝑔)𝑇𝑇(𝐱𝐱)𝛕𝛕𝛆𝛆𝑔𝑔(𝐱𝐱)V dV, (14) 

with 

𝛆𝛆𝑔𝑔 = �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�

𝑇𝑇
, 𝛕𝛕 = �

𝛕̄𝛕 𝟎𝟎 𝟎𝟎
𝟎𝟎 𝛕̄𝛕 𝟎𝟎
𝟎𝟎 𝟎𝟎 𝛕̄𝛕

� and 𝛕̄𝛕 = �
𝜎𝜎𝑥𝑥0 𝜎𝜎𝑥𝑥𝑥𝑥0

𝜎𝜎𝑥𝑥𝑥𝑥0 𝜎𝜎𝑦𝑦0
�. (15) 

The assumed problem domain Ω ∈ ℝ3 is now discretized into a set of N𝑒𝑒 four-node isoparametric 
quadrilateral shell elements Ω𝑒𝑒, namely Q4, with boundary Γ𝑒𝑒 and the total number of nodes N𝐼𝐼. Let 
ℎ𝐼𝐼(𝐱𝐱) and 𝐮𝐮𝐼𝐼 = [𝑢𝑢𝐼𝐼 𝑣𝑣𝐼𝐼 𝑤𝑤𝐼𝐼 𝜃𝜃𝑥𝑥𝑥𝑥 𝜃𝜃𝑦𝑦𝑦𝑦]𝑇𝑇 denote, correspondingly, the bilinear shape functions and 
the vector of nodal degrees of freedom associated with node 𝐼𝐼. The displacement assumption [24] and 
strains in Eq. 13 and Eq. 15 within any element Ω𝑒𝑒 can be written as 

𝒖𝒖ℎ = ∑

⎣
⎢
⎢
⎢
⎡
ℎ𝐼𝐼(𝐱𝐱) 0 0 0 0

0 ℎ𝐼𝐼(𝐱𝐱) 0 0 0
0 0 ℎ𝐼𝐼(𝐱𝐱) 0 0
0 0 0 0 ℎ𝐼𝐼(𝐱𝐱)
0 0 0 ℎ𝐼𝐼(𝐱𝐱) 0 ⎦

⎥
⎥
⎥
⎤

𝑛𝑛𝐼𝐼
𝐼𝐼=1 𝐮𝐮𝐼𝐼 , (16) 
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𝛆𝛆𝑚𝑚 = ∑ 𝐁𝐁𝐼𝐼𝑚𝑚𝐮𝐮𝐼𝐼𝐼𝐼 , 𝛆𝛆𝑏𝑏 = ∑ 𝐁𝐁𝐼𝐼𝑏𝑏𝐮𝐮𝐼𝐼𝐼𝐼 , 𝛆𝛆𝑠𝑠 = ∑ 𝐁𝐁𝐼𝐼𝑠𝑠𝐮𝐮𝐼𝐼𝐼𝐼 , 𝛆𝛆𝑔𝑔 = ∑ 𝐁𝐁𝐼𝐼
𝑔𝑔𝐮𝐮𝐼𝐼𝐼𝐼 , (17) 

𝐁𝐁𝐼𝐼𝑚𝑚 = �
ℎ𝐼𝐼,𝑥𝑥 0 0 0 0

0 ℎ𝐼𝐼,𝑦𝑦 0 0 0
ℎ𝐼𝐼,𝑦𝑦 ℎ𝐼𝐼,𝑥𝑥 0 0 0

�, 𝐁𝐁𝐼𝐼𝑏𝑏 = �
0 0 0 ℎ𝐼𝐼,𝑥𝑥 0
0 0 −ℎ𝐼𝐼,𝑦𝑦 0 0
0 0 −ℎ𝐼𝐼,𝑥𝑥 ℎ𝐼𝐼,𝑦𝑦 0

�, (18) 

𝐁𝐁𝐼𝐼𝑠𝑠 = �
0 0 ℎ𝐼𝐼,𝑥𝑥 0 ℎ𝐼𝐼
0 0 ℎ𝐼𝐼,𝑦𝑦 −ℎ𝐼𝐼 0 �, 𝐁𝐁𝐼𝐼

𝑔𝑔 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
ℎ𝐼𝐼,𝑥𝑥 0 0 0 0

0 0 0 0 0
ℎ𝐼𝐼,𝑦𝑦 ℎ𝐼𝐼,𝑥𝑥 0 0 0

0 ℎ𝐼𝐼,𝑦𝑦 0 0 0
0 0 ℎ𝐼𝐼,𝑥𝑥 0 0
0 0 ℎ𝐼𝐼,𝑦𝑦 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎤

. (19) 

The formulation for the buckling analysis of a Mindlin-Reissner shell can be expressed in matrix 
form, 

𝐤𝐤𝐺𝐺𝑒𝑒 𝐮̈𝐮 + 𝐤𝐤𝑒𝑒𝐮𝐮=0 (20) 

where the geometrical element stiffness matrix 𝐤𝐤𝐺𝐺𝑒𝑒  and the element stiffness matrix 𝐤𝐤𝑒𝑒can be defined 
by 

𝐤𝐤𝐺𝐺𝑒𝑒 = t∫ (𝐁𝐁𝑔𝑔)𝑇𝑇Ω𝑒𝑒 𝛕𝛕𝐁𝐁𝑔𝑔dΩ, (21) 

𝐤𝐤𝑒𝑒 = ∫ (𝐁𝐁𝑚𝑚)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑚𝑚𝐁𝐁𝑚𝑚dΩ + ∫ (𝐁𝐁𝑏𝑏)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑏𝑏𝐁𝐁𝑏𝑏dΩ + ∫ (𝐁𝐁𝑠𝑠)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑠𝑠𝐁𝐁𝑠𝑠dΩ. (22) 

To overcome the shear locking phenomenon [25-28] that may exhibit in thick shell models, the 
mixed interpolation of tensorial components method for a four-node isoparametric quadrilateral 
element, namely MITC4, is directly adopted into the present formulation via the formulation of Bathe 
et. al. [23, 28]. and the configuration in Fig. 1. The performance of drilling degrees of freedom 𝜃𝜃𝑧𝑧𝑧𝑧 
associated with each node 𝐼𝐼 ∈ Ω𝑒𝑒 is needed to be improved as published in the literatures [25, 26]. 
Thus, the arbitrary stiffness co-efficient 𝜃𝜃𝑧𝑧 is set to be 

𝜃𝜃𝑧𝑧𝑧𝑧 = 10−3 × 𝑚𝑚𝑚𝑚𝑚𝑚{diag(𝐤𝐤𝐼𝐼𝑒𝑒)}. (23) 
To analyze the buckling effect, the discretized governing equation in terms of the global stiffness 

matrices 𝑲𝑲 and 𝑲𝑲𝑔𝑔 regarding to Eq. 21 and Eq 22, which given 
�𝐊𝐊 − 𝜆𝜆𝑐𝑐𝐊𝐊𝑔𝑔�𝒖𝒖 = 𝟎𝟎, (24) 

with 𝜆𝜆𝑐𝑐 representing the critical buckling load. 

αFEM Formulation 
The αFEM-Q4 [29] is similar to the conventional finite element formulation for Q4 elements in 

literatures [30]. In the αFEM, each assumed strain field can be formulated by adding the averaged 
nodal strains with an adjustable factor α to the compatible strains. The strain vector 𝛆𝛆∗ in Eq. 17 can 
be rewritten into the form of constants 𝛆𝛆ch and 𝜀𝜀𝑣𝑣ℎ(ξ, η) as, 
𝛆𝛆h�𝐱𝐱(ξ,η)� = ∇s𝐮𝐮h = ∑ 𝐁𝐁𝐼𝐼�𝐱𝐱(ξ,η)�𝐮𝐮𝐼𝐼𝐼𝐼=1 = 𝛆𝛆ch + 𝛆𝛆vh(ξ, η), (25) 

in which 𝜺𝜺ch = {𝜀𝜀𝑐𝑐1 𝜀𝜀𝑐𝑐2 𝜀𝜀𝑐𝑐3}𝑻𝑻 and 𝜺𝜺vh = {𝜂𝜂𝜀𝜀𝑣𝑣1 𝜉𝜉𝜀𝜀𝑣𝑣2 𝜉𝜉𝜀𝜀𝑣𝑣1 + 𝜂𝜂𝜀𝜀𝑣𝑣2}𝑻𝑻. The scalars 𝜀𝜀𝑐𝑐1, 𝜀𝜀𝑐𝑐2, 𝜀𝜀𝑐𝑐3, 
𝜀𝜀𝑣𝑣1 and 𝜀𝜀𝑣𝑣2 are depending on the displacement of nodes of the element. The Jacobian matrix 𝐉𝐉(𝜉𝜉, 𝜂𝜂) 
is also rewritten in the form of constants 𝐉𝐉c and 𝐉𝐉𝑣𝑣(ξ, η) as 
𝐉𝐉(ξ, η) = 𝐉𝐉c + 𝐉𝐉v(ξ, η) (26) 
The strain vector 𝜺𝜺ℎ “being scaled” in the αFEM can be expressed with 
𝛆𝛆�h(α, ξ, η) = 𝐁𝐁�𝐝𝐝 = ∑ 𝐁𝐁�𝐼𝐼�𝐱𝐱(α, ξ, η)�𝐮𝐮𝐼𝐼𝐼𝐼=1 = 𝛆𝛆ch + ε𝛂𝛂vh(ξ, η) (27) 

with 𝛼𝛼 ∈ [0,1] is a scaling factor. The scaled strain matrix 𝐁𝐁� in Eq. 25 of which 𝐁𝐁�𝐼𝐼 associated with 
node I of element, can be written into the summation form of constant parts 𝐁𝐁𝑐𝑐 and 𝐁𝐁𝑣𝑣(ξ,η) as 
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𝐁𝐁� = 𝐁𝐁c + α𝐁𝐁v(ξ, η) (28) 
The Jacobian matrix 𝐉𝐉(ξ, η) in Eq. 26 is also “scaled” as 
𝐉̃𝐉 = 𝐉𝐉c + α𝐉𝐉v(ξ, η) (29) 

where 𝐉𝐉c and 𝐉𝐉v(ξ,η) are components of the Jacobian matrix. 

Numerical Example and Results 
Fig. 2 shows the numerical results of a linear static and buckling analysis of a rectangular non-

woven fabric sheet [14] that regards to the thickness-to-length ratio 𝑡𝑡
𝐿𝐿
, shear factor corrections 𝑘𝑘 and 

Poisson's ratio 𝜈𝜈 (referring to Eq. 3 and Eq. 7). 

 

Figure 2. Normalized eigenvalues for buckling (𝑘𝑘𝑏𝑏 = 𝐿𝐿2𝜆𝜆cr
𝜋𝜋2

𝑫𝑫11
𝑏𝑏 ) of a square simply supported multi-

layer nonwoven fabric sheet on all edges with 𝑡𝑡
𝐿𝐿

= 0.1, 𝑘𝑘 = 0.8333, 𝜈𝜈 = 0.3. 

The well-known shear locking phenomenon has been resolved using the assumed MITC [31]. The 
normalized eigenvalues approximated by αFEM-Q4 show a good agreement to the analytical solution 
implemented with Mindlin's theory [32], and also numerical solutions based on MITC4 and FEM 
formulations under the simply supported boundary conditions. 

Conclusion 
The αFEM-Q4 shows that the numerical results from the solution can improve the numerical 

accuracy in linear static and buckling analysis of textile-like sheet materials without decreasing the 
computational efficiency. The solution also indicates a good agreement with the analytical solution 
and numerical reference solutions regarding complex mathematical models in terms of thin shell 
structures in textile engineering. 
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Abstract. This paper presents an implementation of the node-based smoothed finite element method 
and Reissner-Mindlin plate theory for a four node isoparametric shell element to improve the 
numerical precision and computational efficiency subjected to free vibration analysis of textile-like 
sheet materials. A one smoothing cell integration scheme in the strain smoothing technique is 
implemented to contrast the shear locking phenomenon that may exists in the analysis for moderately-
thick and thick shell models. Various numerical results of free vibration analysis for a multi-layer 
nonwoven fabric sample are compared with other existing analytical solutions and numerical 
solutions in literatures to demonstrate the effectiveness of the present method. An advantage of the 
present formulation is that it can improve the numerical precision without decreasing the 
computational efficiency. 

Introduction 
The finite element method (FEM) is an efficient tool for analyses of shell/plate structures to help 

understanding of vibration and buckling behavior of textile-like sheet materials, e.g., the basic 
practical problem of residual curvature in the fusible interlinings [1-3], through garment 
manufacturing and also during its use as a garment, as detailed in references [4-6]. However, FEM 
has some limitations or drawbacks being found during its intensive applications, including in 
references [7-10]. The node-based smoothed finite element method (NS-FEM), presented by Liu and 
his coworkers [11-14], is a method formulated through the combinations of the conventional FEM 
and some techniques from the meshfree methods, and have partly resolved some known issues 
existing in standard FEM. The strain smoothing stabilization technique evaluates the nodal strain as 
the divergence of a spatial average of the compatible strain field avoiding the derivative evaluations 
of mesh-free shape functions at nodes and hence eliminates defective modes [10, 15, 16]. This 
technique avoids evaluating derivatives of mesh-free shape functions at nodes and therefore 
eliminates defective modes. This paper is to present a finite element formulation of plate/shell 
structures based on the node-based strain smoothing technique in finite elements and Mindlin-
Reissner plate theory. The present method illustrates that the numerical solution can help increasing 
the numerical accuracy and the computational efficiency for free vibration analysis of textile-like 
sheet materials. 
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Finite Element Formulation  

Assume that a fabric sheet is a three-dimensional elastic domain Ω ∈ ℝ3 as a solid body being thin 
in thickness but having significant length in other two directions [17, 18]. The domain Ω has a 
Lipschitz-continuous boundary Γ and a body force b. The first parts of boundary Γ, namely Γ𝑢𝑢 where 
Dirichlet conditions u� are prescribed, and the second part denoted with Γ𝑡𝑡 where Neumann conditions 
t = t ̅are also prescribed. Γ𝑢𝑢 and Γ𝑡𝑡  construct a partition of the boundary Γ for instance Γ = Γ𝑢𝑢 ∪ Γ𝑡𝑡.  

The static equilibrium equation governing the solid can be written in term of the stress field as 

𝐋𝐋T𝛔𝛔 + 𝐛𝐛 = 𝟎𝟎 in Ω. (1) 
Let 𝐃𝐃 be the elasticity matrix [18, 19] that governs the material constants of the solid for plane 

stress analysis [13, 18, 20, 21] in the present formulation. The stresses 𝛔𝛔 relate to the strains 𝛆𝛆 via the 
generalized Hook’s law (also known as the constitutive equations), which gives 

𝛔𝛔 = 𝐃𝐃𝐃𝐃. (2) 

The strain matrix 𝛆𝛆 relates to the displacements in the form of compatibility equations (or the 
kinematic equations) 

𝛆𝛆 = 𝐋𝐋𝐋𝐋, (3) 

with 𝐮𝐮 is the displacement component at a point in Ω. Substituting Eq. 8 into Eq. 7 which gives the 
equilibrium equation in terms of the displacements.  

The conditions of Dirichlet boundary Γ𝑢𝑢 and the Neumann boundary Γ𝑡𝑡 are also defined as 

𝐮𝐮 = 𝐮𝐮Γ, (4) 

𝐋𝐋𝑛𝑛T𝛔𝛔 = 𝐭𝐭Γ, (5) 

in which 𝐋𝐋𝑛𝑛 is the matrix of unit outward normal components. Hence, the strain energy (or potential 
energy) for elastic solid can be quantified via 

𝐔𝐔 = 1
2 ∫ 𝛆𝛆𝑇𝑇(𝐱𝐱)𝛔𝛔(𝐱𝐱)Ω dΩ = 1

2 ∫ 𝛆𝛆𝑇𝑇(𝐱𝐱)𝐜𝐜𝐜𝐜(𝐱𝐱)Ω dΩ. (6) 

The configuration domain Ω ∈ ℝ3 that forms the shell mid-surface based on the Mindlin-Reissner 
plate theory being defined by 

𝑉𝑉 = �(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∈ ℝ3|(𝑥𝑥,𝑦𝑦) ∈ Ω ⊂ ℝ2, 𝑧𝑧 ∈ �− 𝑡𝑡
2

, 𝑡𝑡
2
��. (7) 

For approximation of the stress state in a moderately thick shell, to which the analysis of the 
membrane deformations can be performed, the displacement assumption gives 

𝑢𝑢(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢0(𝑥𝑥,𝑦𝑦) + 𝑧𝑧𝛽𝛽𝑥𝑥(𝑥𝑥,𝑦𝑦)
𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝑣𝑣0(𝑥𝑥,𝑦𝑦) + 𝑧𝑧𝛽𝛽𝑦𝑦(𝑥𝑥,𝑦𝑦)
𝑤𝑤(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝑤𝑤0(𝑥𝑥,𝑦𝑦)

. (8) 

in which 𝑢𝑢0, 𝑣𝑣0 and 𝑤𝑤0 denote the displacement components along 𝑥𝑥-, 𝑦𝑦- and 𝑧𝑧-directions, 
respectively. 𝛽𝛽𝑥𝑥  and  𝛽𝛽𝑦𝑦 stand for the normal rotations to the undeformed mid-surface corresponding 
to the 𝑥𝑥-𝑧𝑧 and 𝑦𝑦-𝑧𝑧 planes having 𝛽𝛽𝑥𝑥 = 𝜕𝜕w

𝜕𝜕𝜕𝜕
 and 𝛽𝛽𝑦𝑦 = 𝜕𝜕w

𝜕𝜕𝜕𝜕
. 

The membrane strain 𝛆𝛆𝑚𝑚, curvature strain 𝛆𝛆𝑏𝑏 are calculated from the corresponding 2D differential 
operators 𝐋𝐋, as presented in Eq. 8, which are 

𝑳𝑳2𝐷𝐷𝑚𝑚 =

⎣
⎢
⎢
⎢
⎡
𝜕𝜕
𝜕𝜕𝜕𝜕

0

0 𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕
𝜕𝜕𝜕𝜕⎦
⎥
⎥
⎥
⎤

 and 𝐋𝐋2𝐷𝐷𝑏𝑏 =

⎣
⎢
⎢
⎢
⎡ 0 𝜕𝜕

𝜕𝜕𝜕𝜕

− 𝜕𝜕
𝜕𝜕𝜕𝜕

0
−𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕
𝜕𝜕𝜕𝜕⎦
⎥
⎥
⎥
⎤

. (9) 
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From the displacement components in Eq. 8 with 𝐮𝐮 = [𝑢𝑢0 𝑣𝑣0 𝑤𝑤0]𝑇𝑇 and 𝛃𝛃 = [𝛽𝛽𝑥𝑥 𝛽𝛽𝑦𝑦]𝑇𝑇, Eq. 9 
can be rewritten as 

𝛆𝛆𝑚𝑚 = 𝑳𝑳2𝐷𝐷𝑚𝑚 𝒖𝒖 = �
𝑢𝑢0,𝑥𝑥
𝑣𝑣0,𝑦𝑦

𝑢𝑢0,𝑦𝑦 + 𝑣𝑣0,𝑥𝑥

�, 𝛆𝛆𝑏𝑏 = 𝑳𝑳2𝐷𝐷𝑏𝑏 𝜷𝜷 = �
𝛽𝛽𝑥𝑥,𝑥𝑥
−𝛽𝛽𝑦𝑦,𝑦𝑦

𝛽𝛽𝑥𝑥,𝑦𝑦 − 𝛽𝛽𝑦𝑦,𝑥𝑥

�, (10) 

while the transverse shear strain 𝛆𝛆𝑠𝑠 can be quantified using 

𝜺𝜺𝑠𝑠 = �
𝛾𝛾𝑥𝑥𝑥𝑥
𝛾𝛾𝑦𝑦𝑦𝑦� = �

𝑤𝑤,𝑥𝑥 + 𝛽𝛽𝑥𝑥
𝑤𝑤,𝑦𝑦 − 𝛽𝛽𝑦𝑦

�. (11) 

Let the problem domain Ω ∈ ℝ3 be discretized into a set of N𝑒𝑒 four-node isoparametric 
quadrilateral shell elements Ω𝑒𝑒 referred to as Q4 with boundary Γ𝑒𝑒 and the total number of nodes N𝐼𝐼. 
Let N𝐼𝐼(𝐱𝐱) and 𝐝𝐝𝐼𝐼 = [𝑢𝑢𝐼𝐼 𝑣𝑣𝐼𝐼 𝑤𝑤𝐼𝐼 𝜃𝜃𝑥𝑥𝑥𝑥 𝜃𝜃𝑦𝑦𝑦𝑦]𝑇𝑇, respectively, indicate the bilinear shape functions and 
the vector of nodal degrees of freedom associated with node 𝐼𝐼. The displacement assumption [22] and 
strains in Eq. 13 and Eq. 15 within any element Ω𝑒𝑒 can be written as 

𝒖𝒖ℎ = ∑

⎣
⎢
⎢
⎢
⎡
N𝐼𝐼(𝐱𝐱) 0 0 0 0

0 N𝐼𝐼(𝐱𝐱) 0 0 0
0 0 N𝐼𝐼(𝐱𝐱) 0 0
0 0 0 0 N𝐼𝐼(𝐱𝐱)
0 0 0 N𝐼𝐼(𝐱𝐱) 0 ⎦

⎥
⎥
⎥
⎤

𝑛𝑛𝐼𝐼
𝐼𝐼=1 𝐝𝐝𝐼𝐼 , (12) 

𝛆𝛆𝑚𝑚 = ∑ 𝐁𝐁𝐼𝐼𝑚𝑚𝐝𝐝𝐼𝐼𝐼𝐼 , 𝛆𝛆𝑏𝑏 = ∑ 𝐁𝐁𝐼𝐼𝑏𝑏𝐝𝐝𝐼𝐼𝐼𝐼 , 𝛆𝛆𝑠𝑠 = ∑ 𝐁𝐁𝐼𝐼𝑠𝑠𝐝𝐝𝐼𝐼𝐼𝐼 , (13) 

𝐁𝐁𝐼𝐼𝑚𝑚 = �
N𝐼𝐼,𝑥𝑥 0 0 0 0

0 N𝐼𝐼,𝑦𝑦 0 0 0
N𝐼𝐼,𝑦𝑦 N𝐼𝐼,𝑥𝑥 0 0 0

�, (14) 

𝐁𝐁𝐼𝐼𝑏𝑏 = �
0 0 0 N𝐼𝐼,𝑥𝑥 0
0 0 −N𝐼𝐼,𝑦𝑦 0 0
0 0 −N𝐼𝐼,𝑥𝑥 N𝐼𝐼,𝑦𝑦 0

�, (15) 

𝐁𝐁𝐼𝐼𝑠𝑠 = �
0 0 N𝐼𝐼,𝑥𝑥 0 N𝐼𝐼
0 0 N𝐼𝐼,𝑦𝑦 −N𝐼𝐼 0 �. (16) 

In the free analysis, the formulation of a Mindlin-Reissner shell can be written in the matrix form, 

𝐦𝐦𝑒𝑒𝐝̈𝐝 + 𝐤𝐤𝑒𝑒𝐝𝐝=0, (17) 

where the element stiffness matrix 𝐤𝐤𝑒𝑒and element mass matrix 𝐦𝐦𝑒𝑒 are given as 

𝐤𝐤𝑒𝑒 = ∫ (𝐁𝐁𝑚𝑚)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑚𝑚𝐁𝐁𝑚𝑚dΩ + ∫ (𝐁𝐁𝑏𝑏)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑏𝑏𝐁𝐁𝑏𝑏dΩ + ∫ (𝐁𝐁𝑠𝑠)𝑇𝑇Ω𝑒𝑒 𝐃𝐃𝑠𝑠𝐁𝐁𝑠𝑠dΩ, (18) 

𝐦𝐦𝑒𝑒 = ∫ 𝐍𝐍𝑇𝑇
Ω𝑒𝑒 𝐦𝐦𝐍𝐍dΩ, 𝐦𝐦 = 𝜌𝜌

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑡𝑡 0 0 0 0 0
0 𝑡𝑡 0 0 0 0
0 0 𝑡𝑡 0 0 0
0 0 0 0 𝑡𝑡3

12
0

0 0 0 𝑡𝑡3

12
0 0

0 0 0 0 0 0⎦
⎥
⎥
⎥
⎥
⎥
⎤

, (19) 

with 𝜌𝜌 being the density of the fabric sheet. 

The stiffness co-efficient of the drilling degrees of freedom 𝜃𝜃𝑧𝑧𝑧𝑧 associated with each node 𝐼𝐼 ∈ Ω𝑒𝑒, 
as figured out in the literatures [21, 23], is set to be 
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𝜃𝜃𝑧𝑧𝑧𝑧 = 10−3 × 𝑚𝑚𝑚𝑚𝑚𝑚{diag(𝐤𝐤𝐼𝐼𝑒𝑒)}, (20) 

the element stiffness matrix related to node I is, therefore, written as 

𝐤𝐤𝐼𝐼𝑒𝑒 = �
𝐤𝐤𝐼𝐼𝑚𝑚2𝑥𝑥2 𝟎𝟎2×3 0
𝟎𝟎3×2 𝐤𝐤𝐼𝐼𝑏𝑏 + 𝐤𝐤𝐼𝐼𝑠𝑠 0
𝟎𝟎1×2 𝟎𝟎1×3 𝜃𝜃𝑧𝑧𝑧𝑧

�. (21) 

The shear locking phenomenon may exist in moderately thick shell models as figured out in works 
[21, 23-26]. In the present formulation, the shear strain term is evaluated using one smoothing cell 
integration scheme (see Eq. 24) in the strain smoothing technique to overcome the shear locking 
problem. 

Consider the node-based strain smoothing technique, each of element Ω𝑒𝑒 ∈ Ω is further subdivided 
into 4 triangular elements, in which the centroid node of Ω𝑒𝑒 is the first node of each sub triangular 
element, with Ω𝑒𝑒 = ⋃ Ω𝑘𝑘𝑠𝑠4

𝑘𝑘=1 , Ω𝑖𝑖𝑠𝑠 ∩ Ω𝑗𝑗𝑠𝑠 = ∅, 𝑖𝑖 ≠ 𝑗𝑗 (𝑖𝑖 = 1, … ,4; 𝑗𝑗 = 1, … ,4), and Ω𝑘𝑘𝑠𝑠  indicates the 𝑘𝑘th 
smoothing domain of the element Ω𝑒𝑒. Each smoothing domain has the total number 𝑛𝑛𝑏𝑏𝑠𝑠  of boundary 
segments that Γ𝑘𝑘𝑠𝑠 = ⋃ Γ𝑘𝑘𝑘𝑘𝑒𝑒

𝑛𝑛𝑏𝑏
𝑠𝑠

𝑏𝑏=1  with Γ𝑖𝑖𝑠𝑠 ∩ Γ𝑗𝑗𝑠𝑠 = ∅, 𝑖𝑖 ≠ 𝑗𝑗 (𝑖𝑖 = 1, … ,𝑛𝑛𝑏𝑏𝑠𝑠 ; 𝑗𝑗 = 1, … , 𝑛𝑛𝑏𝑏𝑠𝑠). The total number 
of smoothing domains within each discretized element Ω𝑒𝑒 can be equal to the total number of 
discretized elements Ω𝑒𝑒 within the system domain Ω. This means that one discretized element Ω𝑒𝑒 can 
be used as one smoothing domain Ω𝑘𝑘𝑠𝑠 . Now, direct apply strain smoothing technique with linear strain 
fields for static as in works [9, 27, 28] to Eq. 13 which can be approximated as 

𝛆𝛆𝑚𝑚(𝐱𝐱𝑘𝑘) = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∫ 𝒏𝒏.𝒖𝒖(𝐱𝐱𝑘𝑘)Γ𝑘𝑘

𝑠𝑠 𝑑𝑑Γ = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∑ �

𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0 0 0
0 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0 0
𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0 0

� .𝒅𝒅𝐼𝐼3
𝐼𝐼=1 , (22) 

𝛆𝛆𝑏𝑏(𝐱𝐱𝑘𝑘) = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∫ 𝒏𝒏.𝒖𝒖(𝐱𝐱𝑘𝑘)Γ𝑘𝑘

𝑠𝑠 𝑑𝑑Γ = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∑ �

0 0 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0
0 −𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0 0
0 −𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 0 0

� .𝒅𝒅𝐼𝐼3
𝐼𝐼=1 , (23) 

𝛆𝛆𝑠𝑠(𝐱𝐱) = 1
𝐴𝐴𝑒𝑒 ∫ 𝒏𝒏.𝒖𝒖(𝐱𝐱)Γ𝑒𝑒 𝑑𝑑Γ = 1

𝐴𝐴𝑒𝑒
∑ �

0 0 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 0 𝑏𝑏�𝑘𝑘𝑘𝑘
0 0 𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 −𝑏𝑏�𝑘𝑘𝑘𝑘 0

� .𝒅𝒅𝐼𝐼4
𝐼𝐼=1 , (24) 

with 

𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∫ 𝑛𝑛𝑥𝑥𝑁𝑁𝐼𝐼Γ𝑘𝑘

𝑠𝑠 𝑑𝑑Γ = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∑ 𝑛𝑛𝑥𝑥𝑥𝑥 .𝑁𝑁𝐼𝐼(x𝑏𝑏𝐺𝐺). 𝑙𝑙𝑏𝑏

𝑛𝑛𝑏𝑏
𝑠𝑠

𝑏𝑏=1 , (25) 

𝑏𝑏�𝑘𝑘𝑘𝑘𝑘𝑘 = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∫ 𝑛𝑛𝑦𝑦𝑁𝑁𝐼𝐼Γ𝑘𝑘,𝑐𝑐

𝑒𝑒 𝑑𝑑Γ = 1
𝐴𝐴𝑘𝑘
𝑠𝑠 ∑ 𝑛𝑛𝑦𝑦𝑦𝑦 .𝑁𝑁𝐼𝐼(x𝑏𝑏𝐺𝐺). 𝑙𝑙𝑏𝑏

𝑛𝑛𝑏𝑏
𝑠𝑠

𝑏𝑏=1 . (26) 

In Eqs. 22, 23 and 24, 𝐴𝐴𝑒𝑒 = ∫ 𝑑𝑑ΩΩ𝑒𝑒  is the area of Ω𝑒𝑒, while 𝐴𝐴𝑘𝑘𝑠𝑠 = ∫ 𝑑𝑑ΩΩ𝑘𝑘
𝑠𝑠  is the area of the 𝑘𝑘th 

smoothing domain Ω𝑘𝑘𝑠𝑠 ⊂ Ω𝑒𝑒. In Eq. 25 and Eq. 26, 𝑛𝑛𝑥𝑥𝑥𝑥 and 𝑛𝑛𝑦𝑦𝑦𝑦 indicate the components of the 
outward unit normal to the 𝑏𝑏th boundary segment and x𝑏𝑏𝐺𝐺  is the coordinate value of Gauss point of 
the 𝑏𝑏th boundary segment. 

For analyzing the free vibration effect, the discretized governing equation in terms of the global 
stiffness matrices 𝐊𝐊 and the global mass matrix 𝐌𝐌 regarding to Eq. 18 and Eq 19, which given 

𝐌𝐌𝒅̈𝒅 − 𝐊𝐊𝒅𝒅 = 𝟎𝟎. (27) 

Substitute the general solution 𝒅𝒅 = 𝒅𝒅�exp(𝑖𝑖𝑖𝑖𝑖𝑖) into Eq. 27, the natural frequency 𝜔𝜔 can be 
quantified by solving 

(𝐊𝐊 − 𝜔𝜔2𝐌𝐌)𝒅𝒅� = 𝟎𝟎. (28) 
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Numerical Example and Results 
In present study, a numerical example for a linear static free vibration analysis of multi-layer 

nonwoven fabric sheet, a wide range of the sub-cell Ω𝑐𝑐𝑠𝑠 ⊂ Ω𝑒𝑒 is considered, together with the simply 
supported boundary conditions. The non-dimensional natural frequencies 𝜛𝜛 for a non-woven fabric 
sheet having the thickness-to-length ratio 𝑡𝑡

𝐿𝐿
, the shear factor corrections 𝑘𝑘 and the Poisson's ratio 𝜈𝜈 

are shown in Fig. 1. 

 
Figure 1. Mode shapes of non-dimensional natural frequency 𝜛𝜛 for a square simply supported non-
woven fabric sheet with 𝑡𝑡

𝐿𝐿
= 0.1, 𝑘𝑘 = 0.8333, 𝜈𝜈 = 0.3 and 35 × 35 Ω𝑒𝑒. 

The numerical results of linear static and free vibration analysis, as illustrated in Fig. 1, indicate a 
good agreement to the to the analytical solution (Mindlin's theory) [29], and numerical solutions based 
on MITC4 and conventional FEM under the simply supported boundary conditions.  

Conclusion 
The present method can reduce the practical implementation effort and computational cost in 

comparison to the standard FEM approaches. The shear locking problem has been resolved via the 
implementation using one smoothing cell integration in the strain smoothing technique. The 
numerical results show that the solutions can improve numerical accuracy and computational 
efficiency subjected to free vibration analysis of textile-like sheet materials. 
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Abstract. The mechanical behaviour of textile structures is one of their most important characteristics 
as far as their end use is concerned. Textile structures, fabrics, or yarns are often considered as 
continuous mediums apart from the fact that they are composed by some discrete elements, individual 
fibres composing yarns and yarns composing fabrics. This is known as the transition scale, a very 
important lock to be considered, to evaluate the real structure behaviour. In this context, this work 
presents some simulations of the mechanical behaviour of a fabric where the yarn is a continuum 
material. Particular attention was paid to simultaneous loading in uniaxial or biaxial extension and 
shear loadings. The results of numerical simulations, which show the deformed fabric unit cell under 
multiload conditions, are coherent with experimental observations and encourage the authors to 
continue the present work with parametrical and inverse case studies. 

Introduction  
A general mechanical model of a single fibre, considered as a thin rod, was developed by De Jong 

and Postle [1] based on the previous work of Kirchhoff [2]. This approach consists on the 
minimisation of the potential energy accumulated on the fiber during its deformation. It is necessary 
to consider some assumptions before analysing different potential energy terms of the fiber. 

First, the fibres are considered to have a circular cross section which can change only due to fiber-
to-fiber contact and compression. Second, the textile fibers have been considered as thin rods with a 
linear elastic behaviour. The third assumption is related to the twist energy; this term is assumed to 
be negligible by respect to the other energy terms. Furthermore, the elongation energy has been taken 
into account. 

As it has been shown [3], the total potential energy accumulated on a fiber i of length Li composing 
the unit cell of a fabric can be calculated as the sum of independents energy terms such as: 

E=∫ (𝐸𝐸𝐵𝐵 + 𝐸𝐸𝑇𝑇𝑇𝑇 + 𝐸𝐸𝑆𝑆
𝐿𝐿𝑖𝑖
0 )𝑑𝑑𝑑𝑑               (1) 

where  𝐸𝐸𝐵𝐵,   𝐸𝐸𝑇𝑇𝑇𝑇 , 𝐸𝐸𝑆𝑆  are respectively the terms of the energy density per unit length due to fiber 
bending, traction and shearing. 

Each one of these energy density terms can be expressed as follows: 

𝐸𝐸𝐵𝐵 = 𝐵𝐵
2
𝑘𝑘2  ;      𝐸𝐸𝑇𝑇𝑇𝑇 = 𝑌𝑌

2
𝜀𝜀2  ;      𝐸𝐸𝑆𝑆 =  𝑆𝑆𝐿𝐿

2
𝛾𝛾2  (2) 

In these relations the parameters related with the material of the fibers are respectively the bending 
rigidity B, the elongation rigidity Y and the transversal shear rigidity SL, whereas the parameters 
related with the geometry, i.e. fiber deformations, are respectively: the total curvature k, the axial 
elongation 𝜀𝜀  and the transversal shearing angle 𝛾𝛾. 

The term of transversal rod shearing energy have also been neglected, compared to the other terms 
as shown in a previous work [3]. 
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The purpose is to find out the fibre’s paths or trajectories that minimize the total energy of the 
fabric unit cell, which is the equivalent condition of the mechanical equilibrium. 

The position of the fibres is given by the coordinative system (Z1, Z2, Z3), firstly given by Love 
[4] and after adopted by De Jong and Postle [1]. 

Let’s introduce the Lagrangian for a mechanical system: 

𝐿𝐿�𝑍𝑍𝑖𝑖, 𝑍̇𝑍𝑖𝑖, 𝑡𝑡� = 𝑇𝑇 −𝑊𝑊 (3) 

where T and W are respectively kinetic and potential energy. 
If a space geometric variable s is used instead of the time t, and the body is deformed under external 

stresses without moving, i.e. if only static deformation is concerned, the Langrangian represent the 
total negative potential energy accumulated in the deformed body. 

Let’s now introduce Hamiltonian function. 

𝐻𝐻 = ∑ 𝜆𝜆𝑙𝑙
𝑔𝑔
𝑙𝑙=1 𝑍𝑍′𝑙𝑙 − 𝐿𝐿(𝑍𝑍𝑘𝑘,𝑍𝑍′𝑘𝑘, 𝑠𝑠)  (4) 

where g is the number of independent variables. 
The goal is to find out the evolution of the independent variables along the fiber which minimize 

the energy accumulated in the fiber when external forces 𝜆𝜆𝑖𝑖 are applied on it. 
The solution is given by the canonical equations of Hamilton: 

𝑍̇𝑍𝑖𝑖 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜆𝜆𝑖𝑖

    (5) 

𝜆̇𝜆𝑖𝑖 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑍𝑍𝑖𝑖

 

By using the canonical equations of Hamilton (Eq. 5) and the explicit form of Hamilton function 
(Eq. 4), the coordinates variations and the distributed external forces may be integrated at each 
iteration path. If the equilibrium is not achieved, it is necessary to calculate the deformation state, 
represented by the so-called control vector, which is updated by the same Newton-Raphson method 
as De Jong & Postle [1] as follows: 

 𝒎𝒎𝑗𝑗
𝑖𝑖 = 𝒎𝒎𝑗𝑗

𝑖𝑖−1 + [ 𝜕𝜕2𝐻𝐻
𝜕𝜕𝜕𝜕𝑗𝑗𝜕𝜕𝜕𝜕𝑙𝑙

]−1 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

                  j=1:3                                    (6) 

Here, α is a ‘dumping factor’. It effects the simulation convergence speed. 

Fabrics Modelling  
The fabrics considered in the present study are plain weave ones, which are very used in textile 

industry due to their geometric and mechanical properties. 
The yarns composing the fabric are supposed to be continuous and obeying to thin rod mechanics.  
Figure 1b shows the symbolic representation of the elementary cell of a plain weave fabric with 

warp yarns in red and weft ones in blue. To simplify the study of this structure, it is necessary to 
analyse its geometry, which means to determine different yarn symmetries within the fabric even 
where the latter is subjected to different loading types. 
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Figure 1a. Symbolic representation of the 
plain weave fabric. 

Figure 1b. Schematic representation of the 
plain weave unit cell. 

Table 1. Fabric Symmetry analysis [5]. 

Segment given: Symmetric related with: Symmetric segment: 

[Owp a1] a1 [a1 O1] 

[Owp a11] a11 [a11 O1] 

[Owt a3] a3 [a3 O3] 

[Owt a33] a33 [a33 O3] 

 OZ2 is the thickness axis, perpendicular to the fabric plane  

 
Figure 2. Schematic representation in 3 dimensions of the yarn axes of the fabric representative 

portion. 
Only 1/8th (Fig. 2) of the entire plain weave unit cell (Fig. 1) is necessary to represent the whole 

structure because of trivial and evident symmetries shown in Table 1. Let’s precise that these 
symmetries are always respected in the case of fabric in-plane deformation.  

At the first simulation step, both yarns are placed as straight lines following respectively Z3 and 
Z1 axes with a maximum interpenetration. They are bended during the simulations due yarn-to-yarn 
contact forces until the mechanical equilibrium of 1/8th of the unit cell is achieved. Then the whole 
unit cell of the fabric can be built by symmetry considerations. 
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Equilibrium Under External Forces 
After computing the equilibrium geometry without any external constraint, some external forces 

can be applied in order to find the new equilibrium yarn trajectories and fabric deformations. Based 
on the most common deformation tests for fabrics, three typical constraints have been applied: 
 Traction, uniaxial and biaxial without shear. 
 Pure shear. 
 Multiload. (Simultaneous shear, uniaxial and biaxial traction) 

  
Figure 3a. Schematic represenation of the 
structure under traction in both directions. 

Figure 3b. Schematic represenation of pure 
shear. 

Uniaxial / Biaxial Traction. The length of both warp and weft yarns are fixed at 1mm and their 
diameter is 0.5 mm. The yarn Young’s modulus Y has been varied from 1 to 4 GPa; yarn bending 
rigidity B from 1*10-6 to 4*10-6 Nm2. The same tests for extensible and inextensible fibers have been 
carried out for both uniaxial and biaxial traction (Fig. 3).  

During uniaxial traction tests, the traction force is applied only on the first yarn, whereas for the 
biaxial tests, transversal traction forces have been applied on the second yarn also. 

The fabric strains have been calculated with respect to the fabric dimensions where no external 
force has been applied, i.e. as Lagrangian ones, as follows: ε1 is the deformation in the traction 
direction, ε2 is the deformation of the distance OwtOwp in Fig. 2, and ε3 is the width deformation. 

Some results for inextensible and extensible yarns are shown below: 

   

Figure 4a. Uniaxial and 
biaxial force-deformation 

curves for inextensible 
yarns. 
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Figure 4b. Uniaxial and 
biaxial force-deformation 

curves for extensible 
yarns. 

 

 

 

Figure 5a. Deformation ε1 
versus deformation ε2 for 
inextensible yarns in both 

cases: uniaxial traction and 
biaxial traction for two 

levels of transversal force Ft 
30 N and 20N. 

 

 

Figure 5b. Deformation ε1 
versus deformation ε2 for 
extensible yarns in both 

cases: uniaxial traction and 
biaxial traction for two 

levels of transversal force 
Ft: 30 N and 20N. 
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Figure 6a. Deformation ε1 
versus deformation ε3 for 
inextensible yarns in both 

cases: uniaxial traction and 
biaxial traction for two levels 
of transversal force Ft 30 N 

and 20N. 
 

 

Figure 6b. Deformation ε1 
versus deformation ε3 for 
extensible yarns in both 

cases: uniaxial traction and 
biaxial traction for two levels 
of transversal force Ft 30 N 

and 20N. 
 

 

 

Figure 7. Normalized 
deformation (deformation 
divided with the crimp) 
versus normalized force 

(F⸱L2) / B for uniaxial and 
biaxial extension; extensible 
yarns (right) and inextensible 

yarns (left). 
 

Shear Load. When shear forces are applied on the fabric, the mechanical equilibrium (see Fig. 2 and 
Fig. 3b) of the force moments requires that: 
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SH1* Z3  = SH2* Z1   (7) 
where Z3 and Z1 are the dimensions of the fabric representative portion as shown on Fig. 2. 

 
Figure 8. Rheologic Model of slipping between yarns. 

In order to introduce a progressive slippage in rotation between warp and weft yarns after a certain 
threshold Mo of the force moment, as it can be observed experimentally, a rheological model as 
shown on Fig. 8, has been introduced [5]. 

As far as the force moment do not exceed a threshold Mo, the tangent of both yarns in Z1-Z3 plane 
remain orthogonal; the fabric deformations are elastic. Where the shearing forces increase and the 
threshold Mo is exceeded, the slippage angle αg between both yarns can be introduced as follows: 

αg=
𝑀𝑀−𝑀𝑀𝑜𝑜
𝐺𝐺𝑔𝑔

   (8) 

where:  M is the moment of forces on Z2 axis (Eq. 7), Mo is the slipping threshold in rotation, Gg 
is the rigidity in slipping. The angle Z4 of the tangents of both yarns in Z1-Z3 plane, will be given by: 

Z4= 𝜋𝜋
2
 - αg    (9) 

A typical example of shear with no yarn slippage, which means that the tangents of both yarns in 
Z1-Z3 plane remains  𝜋𝜋

2
 is given below, on Fig. 9, whereas Fig. 10 shows some simulation results in 

shear with yarn slippage for different yarn bending rigidity and slippage rigidity.  

 
Figure 9. Graphical representation of yarn axes after applying shear forces. 
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Figure 10. Force-Deformation graph for different values of rigidity in bending (B) 
and in slipping (SL). 

Simultaneous Fabric Multiloading. If yarn slippage has to be considered, the final geometry of 
the fabric, and consequently the fabric deformation state, will depend on the fabric loading history, 
due to the existence of the non-conservative effects of slipping phenomenon. Nevertheless, if the 
loading history is known, the final fabric geometry and deformations can be calculated by the same 
procedure of progressive fabric loading. 

On the other hand, if the slippage is to be neglected, in this case, the simulations of the fabric 
deformations in the whole domain of acceptable loads can be carried out in order to calculate by 
interpolation technics the fabric deformation state at any loading state (F1, Ftransv, Shear)  

Some typical multiloading results are shown on Figure 11. 

  
Figure 11. Some typical multiloading results. 

Conclusion and Perspectives 
As proposed in the present work, it is possible to calculate the geometry of the fabric unit cell 

submitted to some force condition or state and also to calculate the strain state or tensor associated to 
this force tensor. Later, it is also possible to calculate by interpolation technics the strain tensor at any 
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force tensor. The rigidity tensor can also be calculated and analysed in terms of constant and linear 
or non-linear coefficients in order to construct and predict the behaviour of real samples - made up of 
thousands of unit cells, each one loaded differently - under typical loading, for example longitudinal 
traction or bias test.  
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