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Abstract. This article introduces a random particle-based traceability tag for textiles. The 

proposed tag not only act as a unique signature for the corresponding textile product but also 

possess the features such as easy to manufacture and hard to copy. It seeks applications in 

brand authentication and traceability in textile and clothing (T&C) supply chain. A prototype 

has been developed by screen printing process, in which micron-scale particles were mixed 

with the printing paste and printed on cotton fabrics to attain required randomness. To encode 

the randomness, the image of the developed tag was taken and analyzed using image 

processing. The randomness of the particles acts as a product key or unique signature which is 

required to decode the tag. Finally, washing and abrasion resistance tests were conducted to 

check the durability of the printed tag. 

 

1. Introduction 

Textile and Clothing (T&C) industry is facing numerous challenges due to its complex and extensive 

distribution system with a vast geographical distance between various stakeholders [1]. Low labor cost 

and easier availability of raw material have made the production more dominating in the developing 

countries like Bangladesh, China, and retail in developed countries like the European Union and the 

United States [2]. Due to mass production of similar style, identification and differentiation of textile 

products in the supply chain based on their physical characteristics is almost impossible. Moreover, at 

each stage of production either the textile product is transformed, or the sub-industries do value 

addition. All these factors have paved ways for easy breaching of the supply chain and introduction of 

counterfeit goods, which are a serious concern for brands, authorities, and customs.  

To resolve the above-mentioned issues, tagging of the product is one of the useful and widely used 

solutions [3]. Product identifier in the form of RFIDs, 2D, and 1D bar code are some of the existing 

technologies being used in product tagging in the supply chain [4, 5]. However, in the case of textiles, 

most of these attached tags can easily be cloned or are detachable from the product thus leading to loss 

and replace of original product with counterfeits in the supply chain [6-8]. In this context, the study 

aims to develop a random particle based textile tag for product authentication and traceability in the 

textile supply chain. The developed tag is anticipated to be of low-cost which can easily be 

manufactured via conventional screen printing process and authenticated using the camera based 

smartphone. These tags will be integrated (printed) on the garment during apparel production stage 

acting like an unclonable unique identifier for each product leading to the authenticity and traceability 

application, as shown in figure 1. 



2. Proposed Tag and Traceability System  

As aforementioned, T&C industry have a global supply chain with multiple nodes (stakeholder) like 

fiber manufacturer,  yarn manufacturer, fabric manufacturer, apparel producer, sub-industry (dyeing, 

finishing, etc.) and retailer [9]. This complex network requires a uniform and secure information 

sharing and storing system through product data management (PDM) system to bring transparency, 

stop counterfeits and increase the visibility in the supply chain[6, 10]. To overcome all these 

challenges and to implement traceability, use of a time varying function integrated with a unique 

identifier code for each product can be a useful solution [11]. The unique code thus generated will act 

as a link or a secure key to stack or access product information at each stage of product life cycle. 

However, the proposed tag discussed in this study will be added to the product at final 

manufacturing/finishing stage, will incorporate time-based codes from the previous stages (fiber and 

yarn) and remain integrated to the textile product throughout the life cycle thereafter. 

The methodology for the construction of proposed tag draws inspiration from Physical Unclonable 

Function (PUF) which is popular cryptographic technique involving encoding of randomness [12]. 

This randomness can be an optical random feature, random magnetic signal or quantum confinement. 

However, due to easy production, encoding and decoding purpose (using camera based smartphones) 

optical randomness is one of the widely used techniques. Therefore, in the proposed tagging system, to 

generate and integrate such randomness onto the textile surface, dark micron-scale particles were 

mixed with printable paste and printed on the light color textile surface using screen printing method. 

Since the particle distribution on each tag thus produced is random and uncontrolled, therefore, 

replicating them is practically extremely difficult if not impossible. In comparison to traditional tags 

like RFIDs and QR codes, the proposed tag has certain advantages. As mentioned above the most 

important being unclonability as a microparticle-based unique signature (randomness) is hard to 

reproduce for each textile product. Secondly, as the tags are printed directly on the textile surface, they 

are un-detachable and can last long and cannot be used with another product. Finally, the tags are 

cheap as they can be developed using conventional printing paste and microparticle with reusable 

printing screens. The printing method, encoding, and decoding are further explained in next section of 

the paper. 

 

 
Figure 1. Proposed textile traceability system with area of implementation highlighted in red 

 

3. Materials and methods 

3.1. Screen printing of random particle 

To generate these random distributions, a special paste comprising of micron-scale particles and 

binder in a fixed ratio is screen printed on the surface of the textile. These particles were black 



polyester glitter sourced from GEOTECH, International B.V, Netherlands [13] and widely used for 

textile coating and printing. The size of these particles was selected to be 200 microns to enable easy 

detection by mobile based cameras. For initial experiment styrene-acrylic based binder (8% w/w) 

sourced from Archroma, France [14]  was mixed with 2.5% (w/w) thickener and (89.5% w/w) water 

along with 0.002 % (w/w) of glitter particles. The paste was thoroughly mixed to attend a 

homogeneous mixture and printed on a white 100% cotton fabric of 118 gsm. An 18 threads/cm screen 

was selected for easy passage of glitter particle along with paste onto the textile surface (figure 2). 

 

                           
 

Figure 2. Equipment and material used for tag construction  

 

3.2.  Optical features extraction using Image analysis 

The obtained randomness is extracted and characterized using image processing tools and encoded.  

The encrypted code thus obtained acts like a secure key to authenticate the product. To begin with, the 

algorithm for square box detection was applied to locate the area of interest (tag area) on the textile 

surface followed by image cropping, particle detection and finally distribution characterisation as 

illustrated in figure 3. 

 

 

Figure 3. Image processing steps to extract and characterize the random distribution 

 

 

18threads/cm 



3.3. Durability Test 

To test the durability of the developed tags (printing paste along with micron-scale particles) three 

samples were printed with the developed paste and cured for different times (5, 7 and 10 mins 

respectively). This was done to observe the effect of curing time on the adhesion property of binder. 

Further, these samples were subjected to washing and abrasion fastness test. The number of particles 

in each tag of area 3x3 cm² was calculated through image analysis algorithm described above, before 

the test and subsequently after each cycle (wash and abrasion).  

To test the washing fastness, samples were washed with ECE (European Colourfastness 

Establishment) normalized detergent and water mixture (0.5% w/w of detergent) for 20 mins at 60°C 

followed by hanger drying.  This cycle was repeated for four times and image was taken after each 

wash. Martindale Abrasion Tester was used for abrasion resistance test of the three samples. The 

samples were abraded with standard wool abradant fabric (plain weave, crossbred, worsted wool) for 

ten cumulative intervals comprises of   100, 250, 500, 750, 1000, 1250, 1750, 2500, 5000 and 7500 

cycles respectively. Images were taken and analysed after each interval. 

4. Results and Discussion 

The developed image processing algorithm efficiently extracts from the printed tag - the area of 

interest, correct alignment, detect particles location and encode them. From the abrasion resistance 

test, it was observed that after 7500 cycles, on an average less than 20% of the particles were only 

eroded (figure 4). Sample with high curing time displayed a good abrasion resistance; however, the 

difference was not significant. Weight after each interval remained same throughout.  

It was further observed that the washing fastness of the binder was not good, resulting in almost 

50% particles erosion after first wash. Moreover, approximately 10% of particles were only remaining 

after four washed (figure 5) which proves that the tags can withstand high abrasion during the daily 

usage, but further research has to be undertaken to make it wash friendly.   

There can be multiple reasons for low washing fastness of the binder. Major being the solid content 

of the binder (which was low for the current binder), print paste viscosity, work of adhesion for binder 

and textile surface etc., and needs further experimental validation. 

 

Figure 4. Results for the abrasion fastness test 



 

Figure 5. Results of the wash fastness test 

5. Conclusions 

The study presents a particle randomness-based tag for product authentication and traceability in the 

textile supply chain. The developed tag act like a unique signature for each product is low-cost and can 

easily be encoded and authenticated using a camera based smartphone. To overcome the problem of 

detachability, the developed tag is integrated into the garment by printing it over the fabric surface. 

Initial durability test proves that the printed tag has good rubbing but low washing fastness. Therefore, 

different binders need to be explored and tested to improve wash durability. Further research work is 

also undertaken to integrate these tags (which will act as a security layer) along with existing 

technologies to track the product, know its’ composition, history, origin, carbon footprint and 

distribution processes. 

 

References 

[1] Kumar V, C Hallqvist, and D Ekwall Developing a framework for traceability implementation 

in the textile supply chain 2017 Systems 5(2) 33. 

[2] Macchion L et al Production and supply network strategies within the fashion industry 2015 

International Journal of Production Economics 163 173-188. 

[3] Basker E Raising the Barcode Scanner: Technology and Productivity in the Retail Sector 2012 

American Economic Journal-Applied Economics 4(3) 1-27. 

[4] Sarac A, N Absi and S Dauzere-Peres A literature review on the impact of RFID technologies 

on supply chain management 2010 International Journal of Production Economics 128(1) 

77-95. 

[5] Qian J.P et al A traceability system incorporating 2D barcode and RFID technology for wheat 

flour mills 2012 Computers and Electronics in Agriculture 89 76-85. 

[6] Corbellini S, F Ferraris, and M Parvis, A cryptographic system for brand authentication and 

material traceability in the textile industry 2006 23rd IEEE Instrumentation and Measurement 

Technology Conf. Proc IMTC 2016 (Sorrento: Italy/IEEE) 1331-1335. 

[7] Agrawal T K , L Koehl, and C Campagne Cryptographic tracking tags for traceability in textiles 

and clothing supply chain 2016 Uncertainty Modelling in Knowledge Engineering and 

Decision Making - Proc.12th Int. FLINS Conf. (FLINS 2016) ed Z Xeng et al (Roubaix : 

France/World Scientific) 10 800-805 

[8] Kumar V, L Koehl, and X Y Zeng  A fully yarn integrated tag for tracking the international 

textile supply chain 2016 Journal of Manufacturing Systems 40 76-86. 



[9] Ying W, C Shih, and K Agrafiotis Sustainability in Clothing Manufacturing and 

Competitiveness: Is It a New Mind-Set or a Paradox? 2015 Handbook of Sustainable 

Apparel Production ed S.S. Muthu (Florida:CRC Press) 39-50. 

[10] Cheng Z L et al Optimal Product Quality of Supply Chain Based on Information Traceability in 

Fashion and Textiles Industry: An Adverse Logistics Perspective 2013 Mathematical 

Problems in Engineering (2013) 629363. 

[11] Kumar V et al Coded yarn based tag for tracking textile supply chain 2017 Journal of 

Manufacturing Systems 42 124-139. 

[12] Chong, C.N., et al., Anti-counterfeiting with a Random Pattern 2008  The 2nd Int. Conf. on 

Emerging Security Information, Systems and Technologies 2008 (Cap Esterel, France/ IEEE) 

[13] Geotech Special Effect Pigment. 2017  [accessed on: 11-04-2017]; Available from: 

http://www.geotech.nl/en/. 

[14] Archroma Life Enhanced. 2017  [accessed on: 11-04-2017]; Available from: 

http://www.archroma.com/. 

 
Acknowledgments 

This work was comprehended in the framework of Erasmus Mundus Joint Doctorate Project SMDTex 

which is financed by the European Commission. We would also like to thanks Mr.Christian Catel, for 

his time and help. 

 
 
 



 

 

 

 

 

 

Design of an Electronic Chest-Band 

R Atakan1, H Acikgoz Tufan1, H Baskan1, S H Eryuruk1, N Akalin2 H Kose2, Y 

Li3, S Kursun Bahadir1, F Kalaoglu1 
1Istanbul Technical University, Faculty of Textile Technologies and Design, Textile 

Engineering Department, Inonu Cad. No: 65 Gumussuyu- Istanbul, Turkey 
2Istanbul Technical University, Faculty of Electric-Electronic, Computer Engineering 

Department, Maslak, Istanbul, Turkey 
3The University of Manchester, School of Materials, Manchester M13 9PL, UK 

 

kursuns@itu.edu.tr 

 
Abstract. In this study, an electronic chest strap prototype was designed for measuring fitness 

level, performance optimization, mobility and fall detection. Knitting technology is used for 

production by using highly elastic nylon yarn. In order to evaluate comfort performance of the 

garment, yarn strength and elongation, air permeability, moisture management and FAST tests 

(Fabric Assurance Fabric Testing) were carried out, respectively. After testing of textile part of 

the chest band, IMU sensors were integrated onto the garment by means of conductive yarns. 

Electrical conductivity of the circuit was also assessed at the end. Results indicated that the 

weight and the thickness of the product are relatively high for sports uses and it has a negative 

impact on comfort properties. However, it is highly stretchable and moisture management 

properties are still in acceptable values. From the perspective of possible application areas, 

developed smart chest band in this research could be used in sports facilities as well as health 

care applications for elderly and disabled people. 

1.  Introduction 

Electronic textiles (E-textiles) are subpart of smart textiles. They are also referred to as ‘wearable 

electronics’ as e-textile products are different from conventional fabrics in that analogue and digital 

electronic components —for example, small computers—are (more or less) seamlessly integrated into 

the knit, weave or other soft crafts technique [1-2]. Textile materials are seen as the most convenient 

interface for implementation new sensorial and interactive functions due to the 80% coverage of the 

skin as clothing. Functions such as sensing, transmission, and energy generation could be implemented 

via textile technology into a garment.  In the production of these e-textile garments, functional yarns and 

fibers could be used so that electrical and computing properties are combined with the traditional 

mechanical characteristics of fabrics [3]. To design an e-textile product requires a multidisciplinary team 

work so that the clothing designer of e-garments usually are one of a team including textile technologists, 

garment engineers, electronics experts, biologists, multimedia experts and computer scientists. 

However, the economic potential of wearable technology is enormous and there are still several ongoing 

researches and projects to develop commercial innovative products [4-6]. 

 

     The aim of this research is to design and manufacture an electronic sportswear chest band. By this 

purpose, a smart chest band prototype was developed by a team consisting of textile engineers and 

computer scientists. Fabric and yarn performance tests were carried out for comfort assessments. The 

sensing unit and other possible application areas of the garment were also specified at the end. 

 



 

 

 

 

 

 

2.  Designing and Manufacturing of E-Chest Band 

Designing of an electronic textile garment requires a comprehensive research on both existing market 

products and recent developments in the literature with focusing on design requirements for an electronic 

apparel and wearable sensors. 

2.1.  Literature Research and Fundamental Design Issues 

Electrical conductivity is the main physical property that is capable of transforming a textile material 

into a sensing material and that plays a significant role in the development of e-textile garments. In 

traditional textile production, metal components in the form of fibers, filaments, or particles are typically 

used for technical applications [3, 4, and 6]. Various stable products based on silver have appeared on 

the sportswear market in the last decade [7-8] and have been used for sensing applications, such as the 

women’s SuperNova Seamless Glide bra by Adidas and the H2 heart rate sensor by POLAR. Another 

important requirement property for sensing applications is elastic recovery of the fabric, which is the 

consequence of combined use of elastic and functional fibers. Sports garments are usually made of fine 

knitted fabric that consist of 75%-80% polyester or nylon and 20%-25% elastomeric filaments which 

stretch and recover back to their original shape during physical movements of the body [3-9]. For textile 

carriers, comfort for the duration of the activity is critically important. The key requirements for comfort 

are fit, feeling on the skin, effective moisture and temperature management and protection against the 

environment.  Wash ability, cost, design, manufacturability and durability are also other significant 

design issues [10-14]. In terms of safety, the major challenge in wearable electronics is that the wiring 

necessary to carry an electric current to the components may be quite power-hungry. Components should 

be protected against shorts or breakage, and should not become entangled during wear or unnecessarily 

inconvenience the wearer. After safety concerns, the electronic sensing system must be creatively 

incorporated into apparel in unobtrusive ways while remaining durable enough to withstand normal 

wear and tear and cleaning procedures. At the very base level wearable sensors must be comfortable to 

wear during activity and at rest [12]. The wearalibity of electronic garment also should be considered 

for designing a product. The guideline parameters for wearalibity can include placement, shape, 

movement, perception of space, sizing, body diversity, attachments, containment, weight accessibility, 

sensory interaction, thermal, aesthetics and long-term use [10, 15 and 16].  

2.2.  Market Research on Electronic Chest Bands 

Nowadays, consumers becoming health-conscious are focusing on tracking their own health. Chest 

straps are very common for both men and women. They are generally about an inch or two wide, worn 

just under the breast.  The most common chest straps in the market are heart rate monitors, which usually 

comprise two elements: a chest strap transmitter and a wrist receiver (which usually doubles as a watch) 

or mobile phone.  While heart rate is generally measured by separate chest straps, these can be also 

integrated in a T-shirt or bra. Other physiological parameters of interest may be skin temperature or skin 

humidity. Estimations of sweat rate might be useful to indicate optimal fluid intake during sports 

activities. Additionally, sport clothing can be equipped with angle sensors for measurement joint angles 

during sports activities. So, the amount of overstretching can be monitored, and preventive measures 

can be taken when required [9, 17]. 

 

     In terms of use specifically for sports, Table 1 gives a brief summary of the main commercially 

developed sensorised chest-straps. As seen from the table, cardiac data is the most monitored 

physiological parameter. Cardiac Data (Heart Rate), breathing, accelerometer (Posture, Activity Level, 

Peak Acceleration, and Speed), GPS, temperature, and calories can be measured through a chest band 

depending on the sensing unit [19]. 

 

 

 

 



 

 

 

 

 

 

Table 1.  Commercially developed wearable sensors for chest-straps [18-21]. 

 

2.3.  Manufacturing of an Electronic Chest Band 

According to design criteria above, a chest band was designed and a prototype was produced by knitting 

technology on a Stoll CMS340TC 12-gauge machine. The selected yarn for production is a special 

elastomeric yarn. It has a special construction, comprised elastomer in the core and 3 x nylon filaments 

around. The knitting structure of chest band was chosen as tubular single jersey due to the good wicking 

and moisture management properties. Manufactured chest band is seen in the Figure 1. 

 

Figure 1. Chest band as a textile carrier. 

 

          IMU (Accelerometers + Gyroscope) sensors were chosen to use to integrate into the chest band 

focusing on fall detection of users. Accelerometers are the most common wearable sensors. They are 

small in size and cheap; they can be easily placed in any part of the human body.  As a conductive yarn, 

silver plated nylon with a linear resistance of 50ohm/m was chosen because of conductivity, 

manufacturability, and textile handling properties. For e- textile transmission, a circuit was designed by 

sewing conductive yarn on the chest band.  The circuit’s elements and the designed circuit are shown in 

the Figure 2. Data transmission can be supplied by Bluetooth in this system. 

 

Figure 2. Circuit design and sensors on the garment. 

Product Brand Manufacturer Format Measurements

miCoach
 NuMetrex/ Textronics

Inc./Adidas

Bra, chest strap, tank top, 

men’s shirt
Heart rate

BioHarness 3
Zephyr Technology

Corp.
Chest straps

Cardiac data, breathing, accelerometer 

(posture, activity level, peak 

acceleration, speed), GPS, temperature, 

calories

Polar Soft/ Polar 

WearLink 
Polar Electro Chest straps Heart rate

Sigma-R1-Comfortex Sigma Sports Chest straps Heart rate



 

 

 

 

 

 

3.  Testing of Chest Band 

In order to evaluate comfort properties of the textile carrier of the product, Tensile Strength and 

Elongation of Yarn (BS EN ISO 2062:1995), Air Permeability (BS 5636:1990), Moisture Management 

(AATCC 195) and FAST Tests (Fabric Assurance Fabric Testing) were carried out. 

3.1.  Tensile Strength and Elongation of Yarn 

Tensile strength and elongation of yarn was tested by INSTRON 3345 device and a software according 

to BS EN ISO 2062:1995 standard. Findings could be seen in the Figure 3. 

 

 

Figure 3. Tensile Strength and Elongation of Yarn Test Results. 

 

As seen from the results, Elongation of yarn was found around 400 %, which is highly suitable for a 

compression garment as it leads to better stretch fabric. 

3.2. Air Permeability Test 

The air permeability of the fabric was determined by SDL ATLAS M021A test device with a pressure 

applied of 200 Pa, according to BS 5636:1990. Five samples ran for this test. All results are demonstrated 

on Table 2.  

 

Table 2. Air Permeability Test Results 

Sample No 
Air Permeability values 

 ( l/m2/s) 

1 56 

2 52 

3 53 

4 52 

5 54 

average 56,4 

 

     Results showed that air permeability of fabric is quite low due to the high fabric weight and thickness. 

3.3. Moisture Management Test (MMT) 

Moisture Management test was performed by SDL ATLAS M290 MMT test device according to 

AATCC-195 test standard. Three samples were used in this test. Figure 14 shows all the fingerprints 

and classification test results. As seen from the Figure 4, top wetting times and bottom wetting time 

values are quite low and absorbing rate is medium. This could be as a result of high fabric thickness and 

weight. However, overall moisture management was found as 3.5/5 for all three samples, which 

indicates that the fabric is in the category of very good liquid moisture management fabrics. 



 

 

 

 

 

 

(a) Sample 1 

 

 

(b) Sample 2 

 

(c) Sample 3 

 

Figure 4. Fingerprint of the evaluation indices and the classification result. 



 

 

 

 

 

 

3.4.  FAST Test 

Fast is a simple system of fabric objective measurement for assessing aspects of the appearance, handle 

and performance properties of fabrics. FAST-1 Compression meter, and FAST-3 Extension meter were 

used to evaluate samples. 

3.4.1. Compression Meter. FAST-1 consists of a compression meter which measures fabric thickness at 

two predetermined loads.  The pressure at which thickness is measured is controlled by adding weights 

(2 g and 100 g) the measuring cup. Five samples were performed in this test. The thickness results are 

shown on Table 3.    

 

Table 3. Fabric thickness results in FAST-1 

Sample  1 2 3 4 5 Average 

T2 3,593 3,404 3,503 3,391 3,615 3,5012 mm 

T100 2,478 2,365 2,59 2,541 2,545 2,5038 mm 

3.4.2. Extension Meter. FAST-3 is an extension meter which operates on a simple level principle. By 

removing weights from the counterbalancing beam, the extensibility of the fabric can be measured at 3 

different loads, thereby simulating the kind of deformation of the fabric is likely to undergo during 

garment manufacture. Three samples were performed in this test. The extension results are shown on 

Table 4. Extension values are suitable for highly stretchable sport garment. 

 

Table 4. Fabric extension results in FAST-3 

Warp Direction  

Sample A B C Average   

E5 1,30 1,20 0,60 1,03 % 

E20 9,40 9,10 8,20 8,90 % 

4.  Conclusion 

 

In this study, a smart chest band was designed and manufactured. In order to obtain highly stretchable 

fabric structure, highly elastic special elastomeric nylon yarn was chosen for knitting.  The electronic 

components such as IMU (Accelerometers + Gyroscope) sensors were then integrated onto chest band 

via sewing method using silver plated conductive yarn for mobility and fall detection. The developed 

chest band was evaluated in terms of comfort properties. Therefore, Tensile Strength and Elongation of 

Yarn, Air Permeability, Moisture Management and FAST Tests (Fabric Assurance Fabric Testing) were 

performed. Although, the thickness of the product seemed to be a negative factor, overall moisture 

management results was still in the category of good liquid moisture management fabrics. However, the 

research is still undergoing to test its mobility and fall detection performance. This study therefore only 

summarizes the preliminary design architecture of electronic chest pad with its comfort properties. 

 

     Beside usage in sports, this multipurpose design allows the item to be used in various application 

areas, such as an underwear, medical purposes for elderly people. In addition, it can be also suitable for 

disabled people by its easy to wear and easy to wash properties. 
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Abstract. Comparing to conventional textiles, interactive photonic textiles can emit light, 
present different colors, change the surface pattern and can interact with users. They are 
particularly suitable for decorative purpose. Home furniture is one possible application [1]. 
With attractive illumination and color effect, the photonic textiles can also be used in hotels, 
exhibition halls, restaurants and many other circumstances to enhance the interior environment. 
However, the functionality of the interactive photonic textile for interior purpose is still 
underdeveloped, since there are still sever challenges about how to improve the usability and 
functionality of the interactive textile. This project aims to study how to improve the 
interactive function of photonic textiles, which can enhance the well-being of the end-user.  In 
the end, a color-changeable interactive cushion which can detect the main primary particulate 
matter (PM) 2.5 was developed. 

 
 
1. Design concept 
The initiative of the project is the serious air pollution in China. The quality represents a major public 
health burden and is a long-standing concern to Chinese citizens. PM2.5 is one of the major index 
people care every day. People get used to check PM2.5 by using their smart phone. But is there 
possible to visualize the air quality in the peoples living environment? People may easily get the air 
quality information by seeing the color change of a cushion in their home.  
 
 
2. Materials and methods 
2.1 Optical fiber fabrics 
PMMA (Polymethyl methacrylate) optical fiber was insert on to fabrics as weft yarn. Several 
structures of textile design were examined by using sample loom. MITSUBISH® optical fibers of 
0.25mm in diameter together with polyester threads were inserted as weft yarns, and the proportion of 



the optical fibers to polyester threads is 1:1. The warp is white polyester yarn. The weaves were 
designed by ArahWeave® software. 
 
 
2.2 Controlling system development  
The highlight of the system is the air quality can be visualized by using color-changeable cushion 
which is made from optical fiber fabric. The system consists of the sensor module, master control 
module and display module. The sensor modules could be distributed in different places in the room to 
detect the denseness of indoor pm2.5. The detected data is transmitted to the master control module 
through a wireless communication technology, the ZigBee® technology. After calculating and 
comparing, the master control model transmits the processed data to the display module through 
ZigBee® technology again. The display module is the interactive luminous cushion embedded with 
integrated circuit. 
 
2.3 Coupling 
A customized coupler was designed for connecting the optical fibers bundles and all the LED light 
sources. The coupler is made from lightweight materials to reduce the whole weight of cushion.  
     The structure of the coupler is shown in Figure 1. Part A is the main part of the coupler. Integrated 
Circuit embedded with microprocessor and LED lamp is installed in Part A. A hole is dig at the end of 
Part A for the LED lamp to be exposed. Part B is a black screwed plastic tube where the exposed LED 
lamp and the fiber bundle are connected. The top of the tube is a shrinkable clamping jaw for binding 
a sufficient amount of fine fiber bundles. Part C is a plastic tight cap. Strengthen the nut may fix the 
fiber bundle and reduce the light loss.    
 

 
 

Figure 1 Design of the customized coupler 
 
 
 
2.4 The controlling system  
The system consists of the sensor module, master control module and display module, as shown in 
Figure 2. 
 



 
Figure 2 Composition of color-changeable interactive cushion 

 
 
    The sensor module consists of SDS011 PM2.5 sensor and CC2530 module. CC2530 module 
processes the data sampled by PM2.5 sensor, then transmits it to the master control module. CC2530 
chip produced by Texas Instruments contains enhanced 8051 CPU, and the industry-leading gold unit 
ZigBee protocol stack (Z-Stack ™). As a low-power LAN protocol based on the IEEE802.15.4 
standard, ZigBee could satisfy the design requirements for self-organization, low power consumption 
and low data rates. 
    The master control module is the base station of the system. Consists of CC2530, it receives the 
sensor data while transmits the lighting instruction to the display module.  
    The display module consists of CC2530 module, STM32F103RCT6 microprocessor, LED light 
source and the cushion. The microprocessor connects LED light source and CC2530 module while the 
customized coupler connects the LED light source and fiber bundles in the cushion.  
    In the display module, the Moonstone® Tri-Color Power LED Light Source produced by Avago 
Technologies combines the red, green and blue lamps. The intensity of each lamp could be controlled 
by current flowing into the corresponding pin. Adjusting the light intensity of these three lamps can 
change the color of the LED light. 
    In order to control the pin voltage, the microprocessor generates a square wave with a constant 
cycle and adjustable duty cycle according to PWM (Pulse Width Modulation) technology.  Particularly, 
a method named VVVF (Variable Voltage Variable Frequency) is engaged in the PWM method. 
STM32F103RCT6 chip is selected in the proposed lighting system to produce PWM pulse signal, 
which is able to generate up to 24 channels PWM signals, and hence drive 8 LED light Sources. 
 
 
3. Results and discussion 
A color-changeable interactive cushion which can detect PM2.5 for domestic use was developed 
(Figure 3).  The working mode of the interactive luminous cushion is as follows: When the system is 
properly turned on, the pillow sequentially displays red, green and blue lights in normal speed. If the 
denseness of PM2.5 is below 50 milligram per cubic meter, the pillow shows blue and green lights 
alternately in slow speed. When the denseness is between 51 and 150, the pillow shows green and 



yellow lights alternately in faster speed. Finally, when the denseness is above 151, the pillow shows 
yellow and red lights alternately in high speed. This would remind the user to take action for cleaning 
indoor air, for instance turning on the air purifier device automatically. 
 
 
 
 
 
 
 
 

 
 

Figure 3. Color-changeable Interactive PM2.5 cushion 

    This project combines the both technology and the design considerations. The functionality of the 
interactive photonic textile was improved. There are potential marketing demands for the interactive 
textiles which can enhance the well-being of the end-users.  
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Abstract. Sports garments with functional properties have become crucial as well as comfort 

properties since they improve the wearer performance. For this reason, sport vest and short 

having high elastic recovery with fall detection sensor, were designed and produced by using 

flat-bed knitting machine. Comfort properties of short and vest were tested with several test 

instruments and; tensile strength of elastomeric yarn, air permeability, moisture management, 

drape and objective handle (FAST tests) of garments were achieved. It was proved that short 

and vest samples have good comfort properties as a functional sport garment. It was also tested 

that fall-detection sensor can work efficiently by using a mobile phone application. 

1. Introduction 

There has been a great development in the field of sportswear for the last years. Engineered and well-

designed functional sport garments should enable the body to move and not inhibite 

function/performance.. According to the type of sport and physical activity, functional requirement of 

sports garment can change. Performance of the player is directly affected by the comfort properties of 

the sportswear. In high active sportswear like jumping and running, stretch ability and elastic recovery 

must be supplied to the wearer for movement freedom. In this manner, ergonomic wear comfort 

becomes crucial for sport garments, especially on their fabric construction and elastomeric properties. 

In order to design a high active sportswear it is important to choose the suitable type of raw material 

and construction type of the fabric [1,2].  

Polyester and polyamide are the fibres which are mostly utilized in sportswear for their easy care. 

In addition, elastane is extensively used in sportswear due to its high stretch and recovery properties. 

When fabric types are compared it can be said that using knitted structures are advantageous than the 

other structures since flexibility can be adjusted by changing the loop arrangement. Moreover, among 

the knitted structures it was proved that single jersey type have better wickability than the honeycomb 

and pique types [1, 3].  

In the manufacturing process of sports garments seams are used but they can irritate the skin and 

prevent the continuous flow of garment surface. Therefore currently, ‘Seamless Garments’ are of great 

interest in the apparel market. Beyond the seamless technology, other functional performance of the 

sports garments have become an important issue. The term ‘wearable sensors’ come into prominence 



 

 

 

 

 

 

in the sports field since they have both diagnostic and monitoring applications. Textile sensors can be 

created by addition of the conductive materials such as gold, copper, stainless steel and silver into the 

traditional textile structures. Among the conductive materials, it can be mentioned that silver has been 

selected as the mostly utilized one [4-6]. 

In the light of these information, this study deals with the production of running functional sport 

vest and short consisting fall detection sensor. Both tensile strength and elongation of the yarn and 

comfort properties of the produced fabric samples were investigated in detailed.  Moreover, studies in 

order to acquire data from fall detection sensor have been also carried out. 

2.  Experimental  

2.1. Materials  

Highly elastic core-shell polyamide yarn obtained by air-mingle method was used. In the core, there is  

an  elastomeric yarn with a yarn count of 150dtex and this core is covered by 3 ply polyamide 6.6 yarn 

which consists of 44 filaments with the number 13 dtex. 

 

Figure 1. The yarn used to produce sport vest and short 

Shima Seiki, 10 gauge flat-bed knitting machine was used in order to produce sport vest and short. 

 
Figure 2. 10 gauge-flat bed knitting machine 

 

Tensile tester was used for testing the strength and elongation of the yarn.Testing equipments to 

measure drape, air permeability, moisture management, compression, extension and bending r were 

used for testing the comfort properties of the samples. 

Fall-detection sensor was used to determine one’s motion, direction and orientation in the case of 

fall. In this study, a fall-detection sensor is attached to the fabric using  conductive yarn.  For this aim; 

silver plated nylon yarn is used for sewing fall detection sensor. For fall detection, IMU (Inertial 

Measurement Unit) is used, which can measure motion, direction and orientation. It has 3-axis 

accelerometer that can measure acceleration according to gravity, 3-axis magnetometer that can 

measure the strongest magnetic force is coming from, generally used to detect magnetic north. It also 

has a 3-axis gyroscope that can measure spin and twist, temperature sensor that can measure the 



 

 

 

 

 

 

temperature of the environment. This sensor is placed  around waist of short. By using a mobile phone 

application, IMU works correctly and transfers data to mobile phone by Bluetooth board. 

2.2. Method   

By using highly elastic core-shell polyamide yarn, 5 samples of sport vest and short were produced via 

10 gauge flat-bed knitting machine. For the bottom edge of the samples, 1x1 rib and for the whole part 

of them, single jersey knitting structures were selected. 

 
Figure 3. Samples of seamless sport vest and short 

 

After the production of the samples, fall-detection sensor was sewn on the surface of the fabric via 

silver yarn. For the vest product, the sensor can be sewn on the shoulders of the vest or in the middle 

of the waist of the vest. For the short it should be sewn on the waist or on bottom of the leg. The 

sensor sends data to a server, then applies machine learning algorithm on the data. The data can be 

executed and interpreted  by a mobile phone application. 

 
Figure 4. Fall-detection sensor on the fabric 

 

3. Testing of functional sport vest and short  

In order to evaluate comfort propertiesof the samples, equipments for measuring drape , air 

permability, moisture management, compression, bending and extension were used. 



 

 

 

 

 

 

3.1. Tensile strength and elongation of yarn  

Tensile test was applied according to BS EN ISO 2062: 1995, with initial length of 100 mm. Yarn has 

very high elasticity and test results shows that extension of yarn is over 400%. Tensile test results of 

10 specimens are shown in Figure 5. 

 
Figure 5. Tensile properties of yarn 

 

As seen from the results, elongation of yarn was found over 400 %, which is highly suitable for a 

compression garment as it leads to better stretch fabric. 

3.2. Drape test  

The drape of the fabric was also evaluated by using drape tester. For the front of the vest, the drape 

was 14.34 % and for the back of the vest it was 26.78 %. For the front of the short, the drape was 

23.69 % and for the back of the short it was 26.01 %. Difference between front and back of the fabric 

is caused by crimpy structure of knitted fabrics. 

3.3. Air permeability test  

The air permeability of the fabric was determined by SDL ATLAS M021A test device, BS 5636:1990 

test standard was used, 200 Pa air is passed through the fabric and test area is 20 cm2. All results are 

demonstrated on Table 1.  

Table 1. Air permeability test results 

Short Sample 

No 
Air Permeability values (l/m2/s) 

Short 

Sample No 

Air Permeability values (l/m2/s) 

1 240 1 259 

2 238 2 293 

3 314 3 263 

4 294 4 269 

5 303 5 277 

6 244 6 260 

7 258 7 297 

8 221 8 274 

Average 264 Average 274 

3.4. Moisture management test (MMT) 

Moisture Management test was performed by SDL ATLAS M290 MMT test device according to 

AATCC-195 test standard. Three samples of vest and short were used for this test. Figure 6 shows 

finger print of moisture management properties. For vest and short samples, overall moisture 

management is very good for the fabric (4/5) and one-way water transport index is excellent. The 

wetting and absorption properties of the sample is medium to fast. Thus, this fabric can be used in the 

applications where moisture transport is beneficial. 

 

 



 

 

 

 

 

 

(a) Vest   

 

(b) Short  

 

Figure 6. Finger Print of Moisture Management Properties of Vest (a) and Short (b) 

 



 

 

 

 

 

 

3.5. FAST tests  

Fast is a simple system of fabric objective measurement for assessing aspects of the appearance, 

handle and performance properties of fabrics. FAST or Fabric Assurance by Simple Testing consists 

of the following instruments and a test method: FAST-1 Compression meter, FAST-2 Bending meter 

and FAST-3 Extension meter. 

3.5.1. Compression meter. A compression meter, which is also called as FAST (Fabric Assurance by 

Simple Testing)-1, is used for measuring thickness of the fabric between two predetermined loads. 

First the fabric is measured under a load of 2 g/cm2 and then again under a load of 100 g/cm2. The 

fabric thickness is measured on a 10 cm2 area at two different pressures, firstly at 2 gf/cm2 and then at 

100 gf/cm2 using the apparatus. This gives a measure of the thickness of the surface layer which is 

defined as the difference between these two values. The fabric is considered to consist of an 

incompressible core and a compressible surface. 

Five samples were performed in this test. The thickness results are shown on Table 2.    
 

Table 2. Average fabric thickness results in FAST-1 

Vest Thickness  Short Thickness 

0,449 mm 0,534 mm 

3.5.2. Bending Meter. A bending meter (FAST-2) is used to measure the stiffness or flexibility of a 

fabric. If the fabric stiff, it bends slowly and if the fabric is flexible, it bends quickly. The bending 

rigidity, which is related to the perceived stiffness, is calculated from the bending length and mass per 

unit area. The average test results show that stiffness of the fabric is medium and 8,732 µNm for short 

and 12,965 µNm for vest.  

3.5.3. Extension Meter. FAST-3 is an extension meter which measures the amount that a fabric will 

stretch under three fixed loadings (5 g/cm, 20 g/cm and 100 g/cm). The system is simulating the kind 

of deformation, the fabric is likely to undergo during garment manufacture. The extensibility of the 

fabric can be measured at any angle to the warp (or weft) threads. The fabric extensibility is very high, 

and 10,2948 mm2 for short and 16.405 mm2 for vest. This level of extension is based on the elasticity 

of knitting yarn.  

4.  Conclusion  

In this study, functional sport short and vest were designed and produced with a special polyamide 

yarn which has highly elastomeric structure. A flat bed knitting machine was used and whole garments 

were knitted. Garments have perfect fitting to body. Comfort properties of short and vest were tested 

with several test instruments and; tensile strength of elastomeric yarn, air permeability, moisture 

management, drape and objective handle (FAST tests) of garments were achieved. Moisture 

management and FAST test results showed that short and vest samples have good comfort properties 

as a functional sport garment.  
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Abstract. This paper addresses an ongoing research, aiming at the development of smart 
textiles that transform the incident light that passes through them – light transmittance – to 
design dynamic light without acting upon the light source. A colour and shape change 
prototype was developed with the objective of studying textile changes in time; to explore 
temperature as a dynamic variable through electrical activation of the smart materials and 
conductive threads integrated in the textile substrate; and to analyse the relation between textile 
chromic and morphologic behaviour in interaction with light. Based on the experiments 
conducted, results have highlighted some considerations of the dynamic parameters involved in 
the behaviour of thermo-responsive textiles and demonstrated design possibilities to create 
interactive lighting scenarios. 

 
1. Introduction 
The emergence of smart textiles presents the potential to enhance and involve physical and immaterial 
dimensions, promoting added functionality and interaction between individuals and their environment. 
Within an interdisciplinary context, the development of reactive and adaptive textile systems requires 
knowledge and competences in diverse domains that entail new perspectives and challenges for design 
practice [1, 2]. 

This paper addresses an ongoing research, aiming at the development of smart textiles that 
transform the incident light that passes through them – light transmittance [3] – to design dynamic 
light without acting upon the light source. Interaction of textiles and light were explored through 
colour and shape change behaviour. 

Thermochromic (TC) leuco dyes are a class of colour change materials that through a thermal 
stimulus change their optical characteristics reversibly [4]. As dark colours absorb a greater intensity 
of the visible light spectrum than lighter colours [3], TC textiles affect the light that passes through 
them, when they are below or above their activation temperature. 

Furthermore, different amounts of textile layers also interfere in light transmittance, depending on 
the light absorbed. With shape memory materials, defined by their ability to change from a temporary 
to a memorized shape [5], it is possible to develop textiles that perform morphological variations with 
variable number of layers. Nitinol was the shape memory alloy selected. 

A previous materials’ research was conducted with the objective of developing processes to 
integrate the selected smart materials in textile substrates. The results attained have outlined two 



	  
	  
	  
	  
	  
	  

process proposals to elaborate paste recipes of TC and conventional pigments in order to screen-print 
textiles with defined colour ratios: from similar to different colours with the temperature increase and 
the inverse  [6, 7]; and a workflow setup to design and manufacture woven substrates that perform 
shape change based on predefined geometric morphologies [8, 9]. Additionally, conductive materials 
were studied to activate the two thermo-responsive materials through resistive heating.  

Aiming to explore colour and shape dynamic behaviour in interaction with light, this paper 
discusses a design research conducted by implementing the results previously attained and exploring 
dynamic variables through a smart textile prototype. 

 
2. Research prototype dynamic behaviour 
Narratives of Winter Daylight is a research prototype inspired by the dynamic qualities of natural 
light. Day and night commonly present different rates and changing patterns of light intensities, 
colours tones and direction, depending on the geographic location, season and weather conditions. For 
this study, one winter daylight was observed and photos were recorded each hour from 6 a.m. to 6 
p.m. Figure 1 presents the photo record conducted on 31.12.2015 in latitude: 41.178084, longitude: -
8.66061, with equal camera settings for a comparison between luminosities. 
 

Figure 1. Photos record from 6 a.m. to 6 p.m. 
 

Patterns and expressions of light change were analysed with perceived luminosities and tones, 
which set up a basis to define the prototype colour change palette and shape changing geometries in 
order to study the textile behaviour in interaction with light. 

The prototype morphology presents two pilled up textile layers. The front layer combines six 
folded units aligned horizontally and each unit consists of a mirrored sequence of two vertical pleat 
folds. Attached to a plain textile layer (back layer), the folded geometry creates areas with a variation 
of textile layer number and distance, through the fold up and fold down movements of the pleats.  

Width proportion and colour change of each pleat unit was defined in regards to the luminosity and 
colour similarities during the time period of the winter daylight observed. With increasing 
temperature, the prototype changes from a dark blue colour to different colours. 

Designing with temporal forms – colour and shape as textile temporal forms – extrapolates the 
definition of the physical medium to embrace the dynamic variables of the textile behaviour, as they 
play crucial roles in the expressions and/or functionality of the design outcomes [2, 10]. 

Perception of natural light variations involve a relation between the luminosities observed with 
established expectations and rates of change [11]. Commonly, subtle light changes are expected during 
the day, while more obvious changes are prevalent in early morning and late afternoon. Rhythms of 
light variation can allow an experience of the passing of time, perceived not only by the changes of the 
light parameters that vary but also in respect to the duration of the events in time [12]. 

In this research, the duration of changes depend on the heat stimulus that activates the textile colour 
and shape variation and cooling conditions, as the materials applied present gradual transformations 
during a temperature interval. Thus, temperature was studied as a dynamic design variable to explore 
possibilities in colour, form and light performances.  
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3. Materials and Methods 
The smart materials handled in this research were: body temperature Nitinol alloy (Austenite start 
30ºC and Austenite finish 45ºC) with 0,3 mm diameter and TC pigments of 27°C activation 
temperature in magenta, blue and black colours. 

3.1. Textile prototype development 
Defined to change from similar to different colours and to vary the textile layer number and distance, 
the textile prototype development has involved: 

a) Definition of textile shapes and respective weaving plan for Nitinol wires integration; definition 
of Nitinol geometries encompassing two sets of Nitinol wires (one group to perform fold up and 
another for fold down); drawing and production of dies; optimization of the annealing parameters 
followed by Nitinol heat treatment; and sandblasting of Nitinol wires’ ends [8]. 

b) Weaving of the textile substrate in a plain weave structure with cotton yarns in the warp and 
polyester yarns in the weft, where conductive threads were woven at every 1,0 cm and the Nitinol 
alloys were integrated at every 2,0 cm, with 0,5 cm distance of the conductive threads. 

c) Formulation of screen-printing paste recipes given a pattern colour, through a database created 
with colourimetric properties of the TC and conventional pigments handled [6]; elaboration of the 
pastes; screen-printing of the textile substrate; and thermo-fixing. 

d) Connection of the conductive materials with four circuits for each pleat unit – two series circuits 
of connected conductive threads, one for colour change in the front layer and another for the back, and 
two series circuits of Nitinol segments linked according to fold up and fold down groups;  

e) Application of an electrical insulating agent; folding of the prototype and setting up in a light 
box, built with two strips of warm white LEDS (2700K) in the box inner top and bottom; 

f) Definition and manufacturing of the electrical circuit; activation sequences plan and 
programming. 

3.2. Study of textile and light behaviour 
Light transmittance variation and textile behaviour were studied, in regards to the prototype chromic 
and morphologic definitions as well as changes attained with temperature increase through resistive 
heating and decrease by interruption of power supplied. All experiments were conducted at an ambient 
temperature below the smart materials’ activation temperatures. 

The electrical current required to attain the temperature increase of the conductive threads for 
colour change and Nitinol activation for shape change was studied through voltage variation applied 
with a variable power supply. Duration and expression of changes were analysed for each circuit and 
by simultaneous or sequential activation of circuits. An infrared camera was used to measure the 
temperature attained and to avoid overheating. 

4. Results and discussion  
Figure 2 presents the prototype in fold down and fold up activation states, the front view in the two 
images on the left and one pleat unit in perspective in the right images. Differences of light 
transmittance are observed through the overall change of luminosity, in the textile and by the light 
falling on the wall. 

With the fold down activation, textile layers are near and light transmittance is low in comparison 
to the morphologies attained with fold up activation, where the pleats unfold and create ‘open pockets’ 
that increase light transmittance. Pleat units with larger width (1st and 4th pleat units in images on the 
left) attain a larger distance between layers, achieving higher luminosity variation than units with 
lower widths. 

 



	  
	  
	  
	  
	  
	  

Figure 2. Prototype fold down and fold up activation. 
 

Fold up and fold down behaviour were tested with an electrical current variation from 0,6 to 0,9 A, 
to analyse the time required to heat up the Nitinol alloys above their activation temperature and 
consequently change shape. Tests were conducted at an ambient temperature of approximately 20°C 
and mean values attained for each circuit were 14 seconds with 0,6 A, 10 seconds with 0,7 A, 7 
seconds with 0,8 A and 5 seconds with 0,9 A. Movements performed appeared organic and subtle. 

Through the shape change analysis conducted during activation, it was observed that folded states 
attained lower angles than the memorized geometries of the Nitinol alloys. Textile substrate and 
morphology have constrained the Shape Memory Effect (SME), in particular with the lower width 
pleat, where movements were barely perceived although the Nitinol wires were above their activation 
temperature, as confirmed with a thermal camera.  

 Furthermore, if fold down is activated immediately after the fold up, or the inverse, Nitinol alloys 
are in the process of recovering the pre-memorized shape, when the other Nitinol group is still above 
the temperature that can be deformed. There is a time duration increase to attain the complete shape 
change, in regards to the time required for the actuator group previously heated up to cool below 30°C. 
If the power supply encompasses a pause in between fold up and fold down activations, a slight shape 
change can be observed when the actuator group previously heated up, cools down.  

Time for the Nitinol alloys to cool down depends on the temperature previously attained with the 
electrical current supplied, ambient temperature and textile substrate characteristics. Furthermore, 
thermal images have also demonstrated that wire temperature is not homogeneous. Therefore, the 
definition of time to cool down the Nitinol below its activation temperature requires experimentation. 
With the prototype circuits and ambient temperature of 20°C, values varied between 5 and 20 seconds. 

Prototype colours change from similar dark blues to different colours with temperature increase: 
dark blue tone, grey, white, light blue, blue and violet dark blue, from left to right (figure 3). 

 

Figure 3. Prototype fold up without and with colour activation (left and middle); and colour 
samples in natural light, below and above 27°C (left). 

 
Colour tones perceived by direct observation and with the textile placed in a light box have 

differed. Colour measurements conducted below 27°C in a reflectance spectrophotometer have 
confirmed colour similarities. CIELAB differences attained values between 0,8 to 1,3 dE*, which can 
be considered reasonable for colour matching. In the light box, samples screen-printed with pastes that 
combined TC pigment blue (2nd , 3rd  and 4th  pleat units in figure 3 left) instead of conventional 

< 27˚C 

> 27˚C 



	  
	  
	  
	  
	  
	  

pigment blue, presented a violet nuance. Paste recipe adjustments were conducted, although a subtle 
violet tone remained. 

Light transmittance variation with the colour change effect, created a hierarchy of luminosity 
differences, as targeted: an increase from the first to the third pleat (6 to 12 a.m.); similarities in third 
and fourth pleat (12 to 2 p.m.); followed a decrease until the sixth pleat (3 to 6 p.m.). Light 
measurements with one layer of each colour sample confirmed the observations, percentual luminosity 
differences varied from 13% to 76, 93, 88, 58 and 30%, in respect to the above-mentioned sequence. 

 Colour change activation was produced through the flow of electrical current on the conductive 
threads integrated in the woven substrate at every 1,0 cm and thermal expansion in the textile areas in 
between. Time required to attain full colour change and full colour return were tested at an ambient 
temperature of 20°C, with an electrical current variation from 1,0 to 1,4 A. Figure 4 presents the fourth 
pleat in a sequence of colour change activation from the first to the third image and on cooling from 
the third to the sixth image. During heating, colour changes from a striped pattern to a complete area. 
On cooling, nuances of colour return display less visual relevance of the conductive thread lines. Table 
1 presents the mean values attained during electrical current supply in the front layer of the fourth 
pleat unit, for duration of change and maximum temperatures, measured with an infrared camera. 

 

 
Full colour change was not attained with 1,0 A, the temperature on the conductive threads changed 

the textile colour but was not sufficient to completely heat up the textile areas in between them. With 
1,2 and 1,4 A, full colour change was observed with higher time duration on heating with 1,2 A and 
the reverse on cooling. To study the possibility to maintain the textile in full colour change, an 
additional test was conducted with electrical current of 1,2 A, supplied during 5 minutes. Maximum 
temperature on the conductive threads was 41,9°C after 1’, 43,0°C after 2’30’’ and 45,1°C after 5’, 
acknowledging the possibility to perform colour change for the time defined, without overheating. 

During the tests conducted, it was also observed that duration of colour change was faster when 
both front and back layers were activated at the same time. The temperature inside the folded layers 
increased, enhancing the textile thermal expansion and, due to the vertical positioning of the 
prototype, the upper area of the pleat units also heated up faster than in the bottom. 

Ambient temperature significantly affects the duration of change and the ability to perform full 
colour change. Tests repeated with 1,2 A at an ambient temperature of 17°C, did not attain full colour 
change and with 1,4 A required 4 minutes on heating and 1 minute on cooling. 

Combination of shape and colour activation was also analysed. In the prototype developed, it was 
defined that Nitinol activation does not change colour, and the screen-printing paste applied for the 
alloys areas only combine conventional pigments. During colour change, the temperature increase in 
between the textile layers can induce changes in fold down and fold up groups, assuming a 
morphology between states. Electrical activation of colour and shape change, can create different 
variations of light transmittance intensity and expression. For example, total colour change in a fold 
down state is observed almost exclusively through the textile light transmittance, while when folds up, 
light transmittance increases and is more obviously perceived with light falling on the wall. Within 

Figure 4. Colour change activation from 1st to 3rd image 
and on cooling from 3rd to 6th image.	  

Table 1. Mean values of colour change 
duration and maximum temperatures.	  

1,0 (5') 36,8 50'' 25,2

1,2 2' 30'' 43,3 1'' 25,9

1,4 1' 40'' 50,9 1' 20'' 25,0

I (A)

heating cooling

time
max. 
temp. 
(ºC)

time
max. 
temp. 
(ºC)



	  
	  
	  
	  
	  
	  

different possibilities of activation sequences, rhythms of continuous change of light transmittance can 
be created. Based on the variation paces of daylight observed, mostly slow and subtle and less evident 
changes, textile and light sequences were defined and programed, through an electrical circuit 
controlled by a microcontroller board. 

The prototype was presented in a spatial context where spectators also took an active part on the 
interaction, since they were the ones who triggered the sequence selection and activation, depending 
on its location in the space. The sensors used detected the presence of spectators, communicated via 
wireless with the microcontroller and activated visual sequences of Narratives of Winter Daylight. 

5. Conclusions 
This study implements the results attained in a previous materials’ research and explores dynamic 
colour and form with a smart textile prototype in interaction with light. Experiments conducted 
through electrical activation of the textile behaviour have highlighted the importance of temperature 
and time of activation in the performance and expression of changes, illustrating some considerations 
that can be applied when working with thermo-responsive textiles. 

Light transmittance variation created through rhythms in the textile colours and shapes, can be 
defined with sequential and/or simultaneous activations during time. Activation of different 
configurations enable the creation of interactive lighting scenarios, where dynamic qualities can be 
perceived as obvious or subtle, according to how textile behaviour and light are designed. 
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Abstract. Comfort in clothing is essential for user’s performance and is considered as a quality
factor when choosing a particular piece of garment. Sportswear’s need include comfort and
functionality, meaning that the thermo-physiological properties are of extreme importance. The
aim of this work consists in comparing six different models of sports bra used specifically for
running, taking into consideration the aspects of the thermo-physiological properties, air
permeability, moisture behaviour, and friction. This paper is part of an ongoing research
aiming to establish a comprehension about function and comfort characteristics for sport bras
and propose a new bra with improved characteristics both in ergonomics design as well as in
comfort performance. The thermal characterization of different regions on each bra were tested
using Alambeta apparatus, Textest FX 3300 for air permeability and Frictorq for friction.
Evaporation tests were also carried out in different regions on each bra at 37ºC corresponding
to internal temperature of the human body. The results show that raw material, structures and
construction can have influence in the properties studied.

1. Introduction
Comfort is one of the aspects of higher interference about sports performance. The comfort is
influenced by humidity in outside and inside clothing, temperature, humidity and body temperature as
well [1]. Market surveys demonstrate consumers consider comfort as one of the most important
characteristic of decision-making when they buy clothings [2].

Many studies have been made in particular taking into consideration the ergonomic issues related
with sport bras. Compression effect, breast displacement and breast pain have been studied for
different sport activities, from low to high intensity, resulting in recommendations concerning not only
the sports bra design [3,4], such as shoulder bra strap [5, 6], compression on some situations [7], cup
encapsulation [8], and the kind of sport or activity [8, 9]. Previous research has shown that the amount
of contact an item of clothing (such as a sport bras) has with the skin may affect thermoregulation
[10]. When the clothing fits tightly, there is less exchange of air beneath the clothing with the
environment (‘flushing’), and this can negatively affect thermoregulation [10]. Structures with
dynamic transfer properties placed in specific regions such as cup can have a positive impact
concerning the decrease of temperature on those regions [11].

2. Materials and Methods
Six different commercially available sport bras for running were analysed. Through visual inspection,
the observed differences were about the kind and number of knitted structures used and the raw
material. In fact there were products with a single structure used in the entire bra, bras with from two
up to seven different structures, and solutions presenting one or two layers in different regions. The
explanation given by the manufacturers about using more than one structure is related with comfort
and functionality. Although in most of the cases the comfort issue is the reason for a proposed



structure, there were also manufacturers that claim that specific structures improve the sports bra’s
stabilization and thermal performance. It was also observed that almost all products used polyamide
and elastane as main raw materials, with small differences in percentage from one bra to the other. It is
important to note that no information is available concerning finishing or special fibres used in these
sport bras.

The tested regions are illustrated in Figure 1 and were Right and Left Breast (A, B), Middle Front
(space between breasts, C) Right and Left side (D, E), and Back (F). The thermal conductivity,
thermal resistance and thermal absorptivity of the different regions on each bra were used to
characterize thermal comfort and were carried out using Alambeta instrument according to ISO EN
31092-1994 standard procedure. For air permeability, Textest FX 3300 instrument was used according
to NP EN ISO 9237 standard procedure. The surface area tested is 20 cm². In order to measure
friction, Frictorq instrument was used. In this study, evaporation tests were also carried out in different
regions on each bra at 37ºC, corresponding to internal temperature of human body. In this test, the bras
were weighed and 20% water was placed on the specific regions of the dry bra’s (Right and Left
breast, Middle front, Right and Left side, back and welt).The bras were then dried in an oven at 37 °C
and the mass loss was measured at 15 minutes time intervals until the water evaporated
completely.This test was carried out as described by Onofrei H et al, however with some
modifications in the practical procedure [12].

Table 1.  General characteristics for the six sport bras.
Code Composition Layers Number of Structures
Bra 1

Polyamide 96% Elastane 4%

2 Two different structures, one in the front
and other in back of the sport bra

Bra 2 2 Sport bra with two layers, with different
structures in the cups, sides, back and

welt
Bra 3 2 Three different structures in back, side

and cup with a foam for breast support
Bra 4 Polyester 43%, Polyamide 38%, Elastane

4%
2 Two different structures in the front and

back, cup with a foam layer with holes
for breast support

Bra 5 Polyamide 96%, Elastane 3%,
Polipropylene 1%

1 Seven different structures in distinct
regions

Bra 6 Polyamide 70%, Elastane 30% 2 Only one structure in the entire bra

Figure 1. Tested regions of the sport bras.

3. Results and Discussion
Before presenting the results obtained, one should note that some regions were not possible to be
tested due to the available area on the sport bras. For example, there are bras with different structures
used between cups. In some situations, the available area was too small to be correctly measured with
the instrument’s heads. Other bras present the same structure in the front side of the bra and sides,



resulting in basically the same result. Since there are two repeated regions, only four regions are
illustrated in the following figures.

3.1 Thermal Conductivity
Observing the results obtained, there are no statistically significant differences for thermal
conductivity when considering the regions within the same bra for sports Bra 1, Bra 2, Bra 3, Bra 5
and Bra 6. Sport Bra 4 presents however different results in the regions of the back and the cup, front
and side. This is due to the fact that Bra 4 has one layer on the back and two layers on the remaining
regions. Bra 5 presents several different structures, however the results obtained are not significantly
different, unless for the side region. Considering the global results between the bras, one can observe
that Bra 3 presents the lowest thermal conductivity as a whole. On the other hand, Bra 1 and Bra 5
present higher values in several regions. The back region of Bra 3 and 4 presents the lowest thermal
conductivity of all regions tested and there are more than one different structures with high values.

Figure 2. Mean values of thermal conductivity for the studied regions on the Bras.

3.2 Thermal Absorptivity
The thermal absorptivity is a surface property which allows to define the material´s character in terms
of “cool/warm” feeling sensation when human skin briefly touches the material [13, 14]. In this sense,
a low thermal absorptivity value means that the material is warm and a higher absorptivity value
means that it is cool.

When considering each sport bra and analyzing the different regions, Bra 1 present similar values
for Back and Middle Front regions, which is consistent with the fact that the structure is the same in
those regions. The same happens with Cup and Side regions, however the structures are not similar.
Bra 3 presents differences between the Back and Side regions to the Cup region. Bra 4 show
statistically different values for the regions, except in the case of Cup and Middle Front with similar
results. The major difference observed for Bra 5 is the Cup region. Bra 6 does not present significant
differences. When comparing the sport bras as a whole, Bra 2 represents the case with highest thermal
absorptivity, followed by Bra 1. For the lowest values, Bra 3 and Bra 4 seem to be the best candidates.

It is interesting to observe that the structures on Cup region of Bra 5 and Bra4 present the lowest
values for thermal absorptivity, while for Bra 1 the value is the highest. Also Bra 3 and Bra 4 present
the lowest value for the Back region, While Bra 2, Bra 5 and Bra 1 the highest. Bra5’s Middle Front
structure seems to have an effect in this property since it presents a high value, together with Bra 2 and
Bra1 .



Figure 3. Mean values of thermal absorptivity for the studied regions on the Bras.

3.3 Thermal Resistance
Thermal resistance allows us to understand the ability of a body to prevent heat from flowing through
it. For stable conditions, a fabric with low thermal resistance will result in a sensation of coolness
[13,14]. The fabric structure can have an important role in this property. From the results obtained,
when comparing the regions and considering each sport bra at a time, one can observe that Bra 1
present slight differences in each region, but they are not statistically significant. In the case of Bra 2,
there are differences with statistical significance between the regions with higher value and the regions
with lower values. Bra 3 presents a difference on the side region when compared with the others. Bra 4
and Bra 5 present in both cases differences with statistical significance for the four regions. In the case
of Bra 6, due to the variability of the samples, one can only say that there is a difference between the
Side and the Back and Cup. Considering the bra as a whole, Bra 1, Bra 2 and Bra 3 present the lowest
thermal resistance of all bras in this study. Bra 4 and 5 present the most significant variability in their
regions. One can also easily observe the absolute highest and lowest values for each region in Figure
4, being expalined by the different strutures present in Bra 5 and layers in Bra 4. It is interesting to
observe that there is a concern in some of the sport bra to provide different thermal resistances for
different regions, while others seem to be more concerned to have a homogeneous behavior.

Figure 4. Mean values of thermal resistance of bras used in study.



3.4 Static and kinetic friction
It is interesting to observe the results obtained for friction. The samples were tested using Frictorq
equipment. Due to the dimensions required to perform the test, only Cup region was tested. Bra 3 was
not able to be tested due to slippage difficulties between the two layers used in this bra. The results are
illustrated in Figure 5 and one can observe that although dynamic friction presents similar values,
when considering the static friction, one can observe the highest values for Bra 5 and Bra 6. The
higher the value, particularly in static friction, the more difficult will be to start movement between
two surfaces. This may be of importance since breast movement result in abrasion on skin and as
consequence may cause skin lesions and pain to the user. The selected structures seems to contribute
to the increase of this property.

Figure 5. Static (left) and dynamic friction average values for the Cup region in bras used in this
study.

3.5 Air permeability
This property allows to understand how much air may pass through the fabric. High values means that
it may be easy to air to pass through, and vice-versa. From the results observed, Bra 4 and Bra 5
present the higher values on this selection of bras. In fact, the Back region of Bra 4 presents a value of
more than 3000 l/m2/s. This is due to the structure used, which consists in a warp open knitted net. The
structures used in Bra 5, allow it to obtain values of air permeability that are very much higher than the
remaining bras, excepting the case of Bra 4. It is also important to mention that Bra 5 has one layer.

Figure 6. Air permeability average values of Bras studied.



3.6 Water evaporation
Under normal conditions, the human body has an internal temperature of 37ºC. Since the bras used
will be in direct contact with the skin, which has a temperature regulated by the internal temperature of
the human body, it will be important to evaluate the bras water evaporation behavior in these
conditions.

Regarding the comparison for each bra, one can observe that considering the global results, Bra 3
presents the water evaporation rate that more quickly becomes dry (Figure 7). The results obtained
showed that Bra 3, in terms water evaporation performance should possibly be the most comfortable.

Figure 7. Bras evaporation behaviour study carried out at 37ºC.

4. Conclusions
Six sports bra were characterized in this study. From the results obtained, the combination of fiber
materials, layers and construction of each sport bra showed influences in the performance in terms of
the properties analysed. When comparing regions within the same product, two sport bras in particular
presented evident differences, which shows an intention from the manufacturer’s side to fine tune
specific properties on those areas towards an adequate comfort for the user.

Acknowledgments
Programme - COMPETE and by national funds through FCT – Foundation for Science and
Technology within the scope of the project POCI-01-0145-FEDER-007136.

References

[1] Halasová A H Transport phenomenon at barrier textiles used for sport clothing, In: 4th Central
European Conference 2005 Czeck Republic p 141

[2] Valle M C G et al. 2004 Rev. Univ. Rural, Sér. Ciências Humanas (Seropédica EDUR) 26
[3] Brown N White J Brasher A and Scurr J 2014 J Sports Sci. 32 (9) 801
[4] White J Mills C Ball N and Scurr J 2015 J Sports Sci., 33 (19)
[5] Bowles K A, Steele J R 2013 Med Sci Sports Exerc. 45 (6) 1113
[6] Coltman C E, McGhee D E, Steele J R 2015 Sports Med Open. 1 (1) 5
[7] McGhee DE, Steele J R 2010 Med Sci Sports Exerc. 42 (7) 1333
[8] Chen X Sheridan A. Gho, Jianping Wang, and  Steele J R 2016 Ergonomics 59 (1)
[9] Nolte K Burgoyne S Nolte H VAN DER Meulen J Fletcher L 2016 J Sports Med Phys Fitness.

(11) 1311
[10] Ayres J White W Hedger and Scurr J 2013 Ergonomics 56 1194
[11] Lin X Li Y Zhou J Cao X Hu J Guo Y Sun S Lv R Lin Y and Ye Q 2015 Text. Res. J 85 19

2030
[12] Onofrei H Rocha A M and Catarino A 2012 J. of Industrial Textiles 42 (1) 34



[13] Oğlakcioğlu N Marmarali A 2007 Fibres & Textiles in Eastern Europe, 15 (5) 94
[14] Matusiak M 2006 Fibres Text. East. Eur. 14 (5)



Flexible force sensors for e-textiles 

H Carvalho
1
, Y Yao

2 
and L M Gonçalves

3
  

1University of Minho, School of Engineering, Dep. Textile Engineering, Campus de 

Azurém 4800-058 Guimarães, Portugal 
2University of Minho, School of Engineering, Dep. Industrial Electronics, Campus de 

Azurém 4800-058 Guimarães, Portugal 
3University of Minho, CMEMS-UMinho, Campus de Azurém 4800-058 Guimarães, 

Portugal 

 

Email: helder@det.uminho.pt 
 

 
Abstract. This paper presents the development of inexpensive, lightweight, flexible polymer-

based piezoresistive sensors appropriate for integration in e-textiles. The transducing element 

used is a volume-conductive carbon impregnated black polypropylene/polyethylene film with 

commercial names Velostat (from 3M) or Linqstat (from Caplinq). The objective is to 

investigate on the influence of different sensor constructions, varying film thicknesses, 

electrode materials and encapsulations on sensor performance. Furthermore, ways of 

integrating the sensors into textile products, as well as potential applications are also studied. 

In this paper, the behaviour of the sensors under different cyclic compression loads, applied at 

different speeds, is presented. Sensors using three different electrode materials are tested. The 

results show significant influence of sensor construction and electrode material on the static 

and dynamic performance of the devices. 

 

 

1. Introduction 

A force sensor based on piezoresistive conductive polyethylene film is composed of the transducing 

piezoresistive film and two electrodes, one on each side of the piezoresistive film, allowing for 

electrical connection. The electrical resistance of this assembly varies according to the force applied 

on it, thus allowing force sensing. Electrodes may be prepared, in theory, using any conductive 

material, such as metals, conducting textiles, conducting ink or other. 

The development of a pressure sensor array for use in robotics, based on Velostat, was presented 

before [1]. Stripes of copper-coated fabric were used as electrode material. A matrix was formed by 

orienting the stripes on the upper electrode layer perpendicularly to the stripes on the lower one. The 

authors in [1] state that the resistance change depends on the electrical contact between electrodes and 

the conductive film rather than on the resistance change of the film itself. 

Further work on this kind of sensors was presented in [2], where a model for piezoresistive sensors 

of this type was developed and tested against a sensor fabricated using copper plates as electrodes. The 

authors found that contact resistance is not very important at high resistance (low force) but becomes 

significant at low resistance. This means that the sensor construction and electrode preparation may 

have an important influence on the performance of the sensor. 

An interesting construction for integration of this kind of sensors in textiles was developed in [3]. 

Using intarsia technique, a pocket was knitted in a single jersey structure, into which the piezoresistive 



film was inserted. On each side of this pocket, an electrode area was produced using conductive yarn. 

The two electrode areas are connected using lines knitted with conductive yarn. The pressure-

resistance dependence curve was obtained by applying controlled pressure with a compression probe 

and measuring the resultant resistance variations. The behaviour of this setup is very similar to the one 

used in [2]. 

In this work, a comparison between the different possibilities of sensor construction is carried out 

to define the most interesting possibilities for e-textile integration. The sensors are expected to be used 

as detachable parts in wearable electronics, or directly sewn to the textile. 

 

2. Experimental 

In a first phase, prototype sensors were constructed using a (30 x 30) mm2 square of Velostat film. 

Electrodes were cut out from copper tape, ripstop conductive fabric (Sn/Cu/Ag plated polyamide 

fabric: Zell by Statex) and conductive knitted stretch fabric (silver-plated 94% polyamide, 6% 

Dorlastan: Medtex P-180 by Statex). The electrode dimensions were (25 x 25) mm2, being this the 

active area of the sensor. The assembly was kept together by transparent adhesive tape; further 

encapsulation is achieved using 2mm-thick EPDM foam, which conveys mechanical protection to the 

sensing element. The sensor constructions are presented in Figure 1 (left). This paper presents the 

most important results of this first prototype phase. 

In a later phase, electrodes will be produced by deposition of conducting metals (aluminium and 

nickel) by PVD (Physical Vapour Deposition) and using conductive inks. These processes should 

assure a constant contact resistance, limiting the sensor’s response to the piezoresistive nature of the 

conductive polyamide film. 

The sensors are tested using a Hounsfield dynamometer producing 10 cycles of compression 

between 2 and 100 N, 2 and 200 N or 2 and 500 N at a speed set at  5, 50 or 100 mm/min. Figure 1 

(right) shows the setup for the cyclic compression test. The EPDM foam can be seen in this figure. 

The sensor is connected to a Fluke 45 multimeter that acquires resistance values and transmits them 

to a PC via RS-232. In a second trial, the sensor is connected to a signal conditioning circuit that 

produces a voltage signal according to the sensor’s resistance, as depicted in Figure 2. 

 

 

     

Figure 1. (left): Sensors with conductive knitted stretch fabric (upper), conductive woven ripstop 

fabric (middle) and copper tape (lower) as electrodes. (right) Compression test setup 

 



 

Figure 2: 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: 

 

𝑉𝑜 = 𝑉𝑜𝑓𝑓(1 +
𝑅

𝑅𝑠
) (1) 

with 

Vo  : Output voltage (V) 

Voff : Offset Voltage (V) 

RS    : Sensor resistance (Ω) 

R   : Feedback resistance (Ω) 

 

3. Results and discussion 

3.1. General behaviour of the sensors 

Figure 3 shows the typical behaviour of resistance change with force, for a sample produced with 

copper electrodes (see Fig 1a), tested 10 cycles, between 2 and 100 N at 5 mm/min: 

 

 

Figure 3: Resistance versus force obtained for a sample produced with copper electrodes, 10 cycles 

tested between 2 and 100 N at 5 mm/min 

 



It can be observed that the resistance-force relation is non-linear, with very quick changes at low 

forces and slow change at high forces. The variation in resistance is very high, going from tens of kΩ 

to tens of Ω. To use the conditioning circuit of Figure 2 circuit, the small resistance values can be a 

challenge because of the high currents through the sensor RS. To avoid this, Voff is set to a value of 0,1 

V. Further reduction may render the circuit sensitive to noise.  

Figure 4 shows the Force-Voltage dependence, using the output of the conditioning circuit. 

 

 

Figure 4: Force versus voltage obtained for a sample produced with copper electrodes, 10 cycles 

tested between 2 and 100 N at 5 mm/min 

 

The resulting voltage-force curves are much closer to a linear function, with the conditioning 

circuit having an almost linearizing effect on the response, with a similar sensitivity (V/N) in all tested 

range. However, hysteresis is observed, mainly for forces above 20N. 

 

3.2. Comparison of different compression speeds 

Figure 5 shows the force/voltage curves obtained with the same sample, but using speeds of 50 (left) 

and 100 mm/min (right). 

 

  

Figure 5: Force versus voltage obtained for the same sample used for results in Figure 4, 10 cycles 

tested between 2 and 100 N at 50 mm/min (left) and 100 mm/min (right) 

 



Comparing the graphs of Figure5 it can be seen that the spread of values and hysteresis increases 

with test speed. These results most certainly are due to the viscoelastic behaviour of the foam that does 

not allow the force variations to be quickly applied to the sensing element. In fact, the force vs 

displacement curves seem to confirm this hypothesis. Figure 6 shows these curves for the sample at 5 

mm/min and 100 mm/min. 

 

  
Figure 6: Comparison of force-displacement curves in 10 cycles, for the same sample at 5 and 100 

mm/min 

 

This type of behaviour has been consistently observed in all samples. If the sensor is to be used to 

make measurements of dynamic phenomena, a different protection material, with a more linear and 

elastic behaviour has to be used. 

 

3.3. Comparison of electrode materials 

Tests were performed to evaluate the behaviour of the sensor when different materials are used as 

electrodes. Figure 7 (left) presents the Force-Voltage dependence, using the conditioning amplifier 

presented, in a Velostat sensor with knitted (Medtex) electrodes, and Figure 7 (right), the same sensor 

device was fabricated with woven fabric (Zell) as electrodes. 10 cycles between 2 and 100 N were 

realized at 5 mm/min. 

  

  
 

Figure 7: Force versus voltage obtained for sensors constructed with knitted (Medtex, left) 

and woven fabric (Zell, right) as electrodes, 10 cycles tested between 2 and 100 N at 5 

mm/min 

 

The comparison presented in Figure 7 is the most extreme case of difference found by using a 

different electrode material. The graphs clearly show that the contact resistance 



electrode/piezoresistive film is of significant relevance and must be taken into account in the 

development of these sensors Sensitivity and linearity are completely different when different 

electrodes are manufactured, despite the same sensor material.  

The sensor with knitted material shows higher sensitivity and lower hysteresis, when compared 

with the sensor with woven fabric as electrodes. However, the second shows better linearity. A first 

analysis of the overall results shows that the knitted material seems to produce the most uniform 

behaviour of the sensor, despite its non-linearity. The result obtained with the woven fabric is similar 

to the one obtained with the copper electrode, except the sensitivity, which is lower for the fabric. 

Replacing the copper with the stretch fabric seems thus to be a valid option, and thus a higher degree 

of textile integration for these sensors can be achieved. 

 

4. Conclusions 

Three types of sensors, based on piezoresistive polymer have been tested and characterised in detail. 

The general principle of the transducer concept has been shown and the effect of different type of 

electrodes discussed - copper foil, knitted and woven fabric. 

A conditioning circuit was used to convert resistance variation of the sensor to a voltage output, but 

also to linearize the behaviour of measured resistance with applied force. Some of the tested sensors 

present an almost linear behaviour after signal conditioning. 

Future work will use PVD or conductive inks to produce the electrodes. Furthermore, conductive 

bonding materials will be used to join the textile electrode to the polymer film, which will provide yet 

another way to improve the sensor’s behaviour. The protective foam used in this work, introduces 

some instability when applying dynamic stress. Alternative materials like natural rubber will be tested. 

Another aspect to be tackled is the measurement range of the sensors. Piezoresistive films with 

different conductivity and thickness may be interesting alternatives. 

In this first assessment, many relevant aspects of sensor construction have been investigated and a 

detailed knowledge about the sensor behaviour has been acquired. Further work will allow the 

optimisation of the devices. Their integration into textiles is also being implemented, namely in 

equipment for the practice of martial arts.  
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Abstract. The aim of the present work is to develop a smart wheelchair by integrating multiple 

sensors for measuring user’s physiological signals and subsequently transmitting and 

monitoring the treated signals to the user, a designated person or institution. Among other 

sensors, force, accelerometer, and temperature sensors are successfully integrated within both 

the backrest and the seat cushions of the wheelchair; while a pulse sensor is integrated within 

the armrest. The pulse sensor is connected to an amplification circuit board that is, in turn, 

placed within the armrest. The force and temperature sensors are integrated into a textile cover 

of the cushions by means of embroidery and sewing techniques. The signal from accelerometer 

is transmitted through Wi-Fi connection. The electrical connections needed for power 

supplying of sensors are made by embroidered conductive threads. 

1. State-of-the-art 

Many wearable health monitoring systems have become available in the markets [1]. These systems 

have the advantage of a nonstop real-time health monitoring throughout a long period. However, for a 

robust use, there are a number of challenges that must be overcome including cost of overall system, 

accuracy of the signal obtained, low power consumption, interconnection method and unobtrusive 

design [2]. In addition, wearable smart textiles are not conceivable for people with disabilities and 

seniors. The percentage of the seniors would increase 80% in 2050 comparing to their percentage in 

2005 [3].  

Therefore, another possible solution to monitor their health status is by developing a health 

monitoring system based on a smart wheelchair; since it is more adequate for such a numerous 

audience and a wheelchair does not need as much care (washing, drying, etc.) as wearable systems.   

On the other hand, based on literature survey, very few projects can be found concerning the 

development of smart wheelchair such as Connected Wheelchair project by Intel® Technology [4] and 

Chech@flash project by Altran Stream Vision [5]. Therefore, the object of the present work is to 

develop a smart wheelchair based on a traditional one by integrating multiples sensors within its 

structure. Namely, the targeted sensors are pulse, force, accelerometer and temperature sensors, and 

the targeted integration structures are the armrest and the textile structures of both backrest and seat 

cushions. 

2. Materials  

The choose of a wheelchair is rather complicated and depends on many criteria, such as the user’s 

pathology, morphology, his/her rate of evolution, his/her environment (at home, in the office, etc.), 



user’s daily activities (work or leisure), etc. [6].  Accordingly, there is not a “model” wheelchair. Thus, 

the wheelchair is selected according with economic and technical criteria. Among the wide spectrum 

of available wheelchairs, we chose NETTI 4U CED type [7]. It has a seat cushion of 45cm wide and is 

characterized by inclination angles of the seat and the backrest of 25° and 45°, respectively. The seat 

cushion is composed of three layers of foam with different densities. These layers are arranged in the 

order of the lowest to the highest density from the top to the bottom.  

A plug-and-play optical pulse sensor type Amped [8] (Figure 1-A) and its compatible cardboard 

type Arduino UNO [9] are purchased from SparkFun, USA [10]. The pulse sensor has 3 mm thickness 

and its diameter is approximately 16 mm.  

The force sensors used are of type FlexiForce A201 [11] (Figure 1-B) and purchased from Mescan, 

France [12]. They have dimensions of 0.302 mm thickness, 191 mm length and a sensing area of 9.53 

mm diameter.  

In order to trace the change in skin temperature, we use a miniaturized temperature sensor type 

Platinum SMD Flat Chip Temperature Sensor [13]. It is purchased from JUMO Gmbh & Co. KG, 

Germany [14], with dimensions of (L×W×H : 2×1.25×0.45) mm.  

To continuously monitor heart rate without disturbing the patient, SCA11H [15] sensor was used 

(Figure 1-C). Its functioning is based on Ballistocardiography [16] by utilizing an ultra-low noise and 

narrow noise bandwidth SCA61T3D MEMS accelerometer and analog signal conditioning.  

(A) 

 

(B) 

 

(C) 

 

Figure 1. Optical pulse sensor (A), FlexiForce A201 sensor (B), and SCA11H Sensor (C) 

 

3. Methods 

A prototype of wooden armrest covered with polyurethane foam is fabricated within which the pulse 

sensor and the amplification cardboard are entirely integrated. The prototype has dimensions of 

(420×80×38) mm, as shown in (Figure 3). This prototype is composed of three wooden layers whose 

thicknesses are 5, 18 and 5mm respectively.  A hole is made through the thickness of the top layer for 

positioning the head of the sensor onto the upper layer. The amplification cardboard is located in the 

middle layer; while the base layer is perforated for cooling purpose.  

 

 

 

Figure 2. Profiles of the three components of the wooden armrest prototype 



The three layers are then assembled and covered by a thin layer of polyurethane foam whose 

thickness was of 20mm, to provide more comfort to the user. Finally, a suitable textile cover is 

prepared. This cover is composed of a front part made of Lycra/Polyester warp knitted fabric. Figure 3 

reveals the components of the armrest prototype and its final appearance after being mounted on the 

wheelchair. 

     

Figure 3. Novel connected armrest 

 

For adequate body pressure measurement using minimum number of individual force sensors, 

optimum positioning of the force sensors was required. We firstly acquired pressure cartographies of 

both the seat and the backrest cushions and by using XSENSOR pressure imaging system [17] of the 

Centre of Rehabilitation of Mulhouse (Alsace, France) and several volunteers of different weight and 

shape (male and female). The cartographies are acquired in relation to the inclination angle between 

the backrest and the seat. An especially made angle protractor (Figure 4) measures this angle. The 

principle of this protractor is based on measuring the distance between two laser points projected on a 

horizontal plan from two laser pointers; one is always vertical since it is fixed on a free rotating disk, 

and the other one is fixed on the rotation axis and inclines with the backrest.  

 

Figure 4. Prepared angle protractor 

 

The acquired cartographies (Figure 5) are treated by Photoshop software to segment the pressure 

values into three levels: < 40mmHg, 40-70mmHg and > 70mmHg for the seat and < 25mmHg, 25-

35mmHg and > 35mmHg for the backrest (Figure 5-B). Such segmentation, recommended by the 

medical team from Centre of Rehabilitation, will help identifying the pressure range of each sensor 

and the calibration of the corresponding amplification circuit, accordingly.  
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Figure 5. Acquired (A) and treated (B) pressure cartographies of the seat and the backrest, 

respectively 

 

Accordingly, the position of each force sensor is identified where one force sensor is positioned in 

each pressure zone except those that are less than 25 and 40mmHg for the seat and the backrest, 

respectively. In total, four force sensors are integrated into the seat textile cover and other four sensors 

are integrated into the backrest cover.  

Temperature sensors are integrated following the same procedure of force sensors, where a 

temperature sensor is placed just in front of each pressure sensor (Figure 6-C).  

All the force and temperature sensors are connected to a designed circuit via embroidery means by 

using a conductive filament [18] (Figure 6-A and 6-B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Embroidery machine (A), Conductive filament inserted by embroidery technique into the 

tissue (B) within the textile cover of the seat cushion (C). 

 

By using a miniature high-resolution acceleration sensor, it is possible to measure the heart 

functioning more accurately and less annoyingly than with conventional electrocardiograms, with 

Ballistocardiography. When the person is leaning against his or her chair, the backrest begins to 

vibrate following the movement of the blood. The MEMS accelerometer picks up the signal, which is 

then transmitted to a microcontroller using a special algorithm via a Wi-Fi receiver for analog signal 

conditioning. This combination of accelerometer and software allows for embedded heart and 

respiration rate signal processing with 1Hz output rate. 

 

4. Results 

Depending on the weight and the morphology of the wheelchair user, the applied pressure over one 

force sensor is in the range up to 500g. All the integrated force sensors maintain the linearity between 

the output of card board; voltage, and the applied force with a very good accuracy (Figure -A). 
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Figure 7. Calibration of an integrated force sensor (A) and connected seat cushion (B) 

When the user touches the LED of the pulse sensor, his/her heart-rate is monitored on a PC or tablet 

screen like so in Figure 8.  

 

Figure 8. User's Heart-rate 

Thanks to the ultra-sensitivity of the MEMS sensor, the return effect of pumping blood into the body 

by the heart was detected even through the backrest. SCA11H sensor provide thus vital sign 

information such as Heart Rate (HR), Heart Rate Variation (HRV), Relative Stroke Volume (SV), 

Respiration Rate (RR), and chair occupancy. 

 

 

Figure 9. User's heart-rate and respiration rate extracted by MEMS accelerometer 

 

All sensors are being connected via a specially designed conditioning card placed at the rear of the 

wheelchair. It is powered by a rechargeable battery, which is placed in the back of the chair. 



This card is designed to be able to monitor, control, and remotely send all the signals transmitted by 

different sensors installed, to an external treatment center (pc, tablet ...).  

 

5. Conclusions and perspectives 

The occupancy of a wheelchair can even exceed 50% for the majority of users [19]. This requires non-

invasive integration of the sensors in order to keep the comfort level of the wheelchair [20]. This 

condition has been respected during the insertion of the force, temperature, and cardiac pulse sensors 

into the covering textile structure. Regarding SCA11H sensor, this one can be placed even at the back 

of the backrest or under the seat of the chair. 

The medical team partner of the project validated the first results. Thanks to the developed prototype, 

it becomes possible to get complete set of data of the user in his/her daily activities. Rapid intervention 

in an emergency already knowing the history of physiological parameters of the patient may also be 

possible. The conducted project also highlights the potentially positive psychological effect for the 

patients who may feel much safer in such condition. 
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Abstract. Manufacturers are aiming for more flexible and lightweight protective 

clothing to increase wearing comfort. A cardigan with a knitted stab-resistant inlay 

and an alarm system is presented. The stab-resistant inlay is based on a multilayer 

ultra-high molecular weight poly ethylene (UHMW-PE) fabric. Stab resistance was 

evaluated according  to  the  standard  of  the  Association  of  Test  Laboratories  for  

Bullet,  Stab  or  Pike  Resistant  Materials  and  Construction Standard (VPAM 2011). 

Furthermore sensors for the detection of cuts and pressure were integrated. Both 

sensors can trigger alarms if the wearer is attacked. Normal pressure occurring 

through leaning on a wall or sitting is filtered out and does not trigger an alarm. 

1.  Introduction 

Between 1997 and 2005 stabbing attacks involving a knife or other sharp instruments resulting in the 

hospitalization of victims have increased about 30 % in England. [1] Furthermore, reports of 

spectacular lethal attacks on public service employees lead to a more decreased security feeling in the 

population. 

Generally, flexible materials like knitted textiles do not offer a good resistivity to cuts. Only few 

yarns have a high Young’s modulus, which makes them suitable for protective gear. The best-known 

yarn is aramid, but also poly(p-phenylene-2,6-benzobisoxazole (PBO) and ultra-high molecular weight 

poly ethylene (UHMW-PE) were investigated for this application. [2, 3] Also the influence of knitting 

techniques and mesh sizes were evaluated. [3] 

Consequently, a merino wool jacket with a stab resistant inlay of UHMW-PE was developed. [4]  

The destruction of the inlay-fabric can be detected with sensors. [5] Events indicating a change in 

the electric circuit, e.g. a resistivity change due to a rupture in the circuit or a change in the time-

dependent decharging-time of a capacitor, trigger an alarm. Capacitive sensors are known in smart and 

wearable textiles to detect motion and pressure changes on the human body [6]. 

The aim of this work was bringing together these features in one jacket: offering an unremarkable 

stab resistant jacket with an alarm system (stab sensor) and in case of assaults, where the protective 

fabric is destroyed; a second sensor detects the violence and could give out an emergency call to a 

coordination center. 

 



 

 

 

 

 

 

 

2.  Built-up of sensor inlay 

The jacket was constructed to be seamlessly knitted with a composite yarn of wool and UHMW-PE. 

The stab protection inlay and the sensor textiles were tailored subsequently in three parts: one back 

and two front parts. The built-up of the protection layers and the location of the sensors is shown in 

figure 1. The stab protection layers are also made of UHMW-PE. 

 

 
Figure 1: Schematic built-up of jacket inlay 

In the jacket inlay four functionalities are put together: one sensor for the detection of cuts, 

meaning destroyed fabrics, one stab resistant fabric layer, one sensor for the detection of stabs, which 

to not destroy the fabric and on the outside an induction coil for the charging of the evaluating device. 

2.1.  Sensor for cut detection 

Several conductive yarns were evaluated for the cut sensor fabrication. Important parameters were 

knitting feasibility, conductivity before and after the knitting process and stab resistance. Therefore 

different metalized yarns were investigated: steel staple fibres, silver coated yarns (Shieldex®), 

Bekinox, Amberstrand (Ag and Ni). 

In order to detect a cut in the jacket, a matrix-like structure of conductive yarn (Shieldex 235/34 2-

ply) was embedded in the first layer of stab-resistant cloth (figure 2).  

 

 
Figure 2: Knitted cut sensor (left front side of cardigan) 

The white panels are 0.7 cm2 so that a penetrating blade would definitely cut through the 

conductive yarn early on. That would lead to a detectable change in resistance, which would trigger an 

alarm to go off. The whole system is knitted out of one thread and therefore easy connect at the small 

panels on the upper shoulder and near the waist. The panels can be positioned freely at the beginning 



 

 

 

 

 

 

 

and the end of the matrix, but prove to be the least hindering at these points of the body. They were 

connected to the evaluating unit with push buttons, on which insulated copper wires were soldered. 

2.2.  Sensor for pressure and stab detection 

This sensor was built up through a capacitor matrix. Therefore stripes of conducting ink were screen 

printed on a polyester fabric with a screen of 60 mesh. The stripes were 50 mm wide and had a 

distance of 5 mm. The number of stripes depended on the dimensions of the tailored fabric. The ink 

used was Tubicoat ELH from CHT R. Beitlich, Tübingen, Germany. All fabrics were printed before 

tailoring. On one fabric the stripes were printed in longitudinal direction, and the second in cross 

direction. Putting these fabrics together the capacitor matrix is built-up. In order to enhance the 

capacitance, a spacer fabric was installed between the printed fabrics. Each stripe was connected to the 

electronic evaluation unit using wires soldered on metallic push buttons (see figure 3). 

 

 
Figure 3: Tailored back part for pressure and stab detection 

2.3.  Evaluating unit and power supply 

The jacket was furnished with a pocket in the inside to hold a miniaturized evaluating unit. Even small 

changes of capacity and resistivity were detected and an alarm triggered. The alarm can be sent using a 

smartphone to coordination center. 

Rechargeable batteries ensure the power supply of the evaluating unit. They can be constantly 

charged via an induction coil on the outside of the inlay. A copper wire was embroidered circularly on 

the back part of the inlay as coil. The wire was coated with an insulating lacquer, which melted upon 

soldering. The fabric was a linen cloth. The counterpart is adjusted on a seat and connected to a power 

grid and is also an embroidered copper wire on cotton fabric. 

2.4.  Characterizations of sensors 

The abrasion fastness of the sensors was investigated using the Martindale abrasion test standard 

procedure. Washing fastness of printed sensors and knitted conductive yarn was examined in 3 cycles 

of 30 °C household wash with a special washing program for wool. 

The conductivity of the yarn for the cut sensor was determined using a Milli-TO 3 Ohm-Meter 

from Fischer Elektronik and the sheet resistance of the printed conductive stripes was checked using a 

MR-1 Ohm-Meter from Schuetz-Messtechnik. Scanning electron microscope figures were taken with 

a TM 3000 from Hitachi. 

The stab resistant fabric was examined according to the VPAM examination instruction “Stich- und 

Schlagschutz” (stab and hit protection). According to this specification, a defined blade in shape and 

sharpness falls, driven by a weight of 2.5 kg and led by rails, through the fabric under examination 

into a box filled with plasticine from a height of 30 cm [7]. 

 



 

 

 

 

 

 

 

3.  Discussion 

The different conductive yarns were evaluated regarding their physical and mechanical properties. 

Main parameters were knitting feasibility and the behavior of the conductivity under mechanical and 

physical stress. The resistance of the used yarns before mechanical strain is given in Table 1. 

All yarns except the Shieldex yarns show high abrasion on the knitting machine. Two effects are 

observed: the resistance of the processed yarns increased and the abraded particles are found on the 

fabric, mainly consisting of polyester yarn. In case of the steel staple-fiber, also yarn breaks were 

observed, which led to a complete loss of electrical conductivity after knitting. 

 

Table 1:  Resistance of investigated yarns before knitting 

Material resistance [Ω/m] 

Shieldex 235/34 2-ply HC+B 115 

Shieldex 117/17 2-ply HC+B 190 

Amberstrand 166-Ag 3,5 

Amberstrand 166-Ni 3,25 

Bekinox VN 12 32 

steel staple-fiber 3700 

 

Also the washing fastness of these yarns was evaluated. Also in this test the Shieldex yarns showed 

the best performance. Consequently they were chosen in the production of the cut sensor. 

The washing fastness of the cut sensor is shown in figure 4. With an increasing number of washing 

cycles the resistivity of the conductive yarn raises. In this test a knitted fabric for the front part of the 

jacket was examined. The conductive yarn was embedded in a matrix-like structure (see figure 2) 

 

 
Figure 4: Influence of household wash at 30 °C to the resistivity of the cut sensor 

Already after three washing cycles at 30 °C the resistivity of the sensor raised from 800 Ω to nearly 

1200 Ω (figure 4). The loss of conductivity can be explained by abrasion or by washing out of the 

conductive coating on the yarn. The precise reason was not further examined in this work. 

The sensor for stab detection reacts on pressure changes. The fabric need not be destroyed for 

triggering an alarm. Only one conductive ink was evaluated.  

The resistance of the conductive bars of the capacitive sensor changes slightly changes during the 

abrasion test. Initially a resistance of 100 Ω was measured. After 10,000 Martindale cycles, the sheet 

resistance of the meander dropped slightly to 90 Ω and did not change until the abrasion test was 

stopped after 50,000 Martindale cycles. Before the abrasion test, some conductive particles are visible 

in the SEM micrograph (figure 5, left). The surface of the conductive meander after 10,000 Martindale 

cycles looks smoother than before the abrasion test (figure 5, right). The microstructure of the printed 

conductive meander did not change further until the abrasion test was stopped. 

 



 

 

 

 

 

 

 

 
Figure 5: SEM-micrographs of stab sensor before Martindale test (left) and after 10,000 Martindale 

cycles (right) 

 

The capacity of on matrix elements is 200 pF. A punctual force on the joint stab sensor fabrics 

leads to a small change of the capacity, which can be detected. The resulting evaluation depends on 

the strength of the influencing force. Large capacity changes, which occur, when a person is leaning 

against a wall or seat, are filtered out. Also very small capacity changes due to the natural movements 

of a person are not detected.  

Because the sensor is not resistant to washings, it must be calibrated after each washing cycle, 

which is not practicable. The inlay was attached to the jacket by Velcro®-fasteners, which can be 

opened for washing and allow the inlay to be removed prior to cleaning. 

The tailored and joint inlay is shown in figure 6. 

 

 
Figure 6: Tailored jacket inlay with induction coil and Velcro® strips for fastening 

 



 

 

 

 

 

 

 

4.  Conclusions 

A protection jacket with sensors for stab and cut detection was presented. The sensor for cut events 

was a meander knitted with conductive yarn and the sensor for stab events was a printed capacitor 

matrix. A small detection unit evaluates cuts and small pressure changes triggering an alarm. The 

alarm can be a sound at the scene or it can be transmitted to a coordination center via smartphone, or 

both. 

The printed pressure sensor meander shows an extremely high abrasion fastness. Even after 50,000 

Martindale cycles the conductivity was not negatively influenced. 

Another important property is the washing fastness of the inlay. The stab resistant fabric and the 

induction coil show excellent results. The conductivity of the latter is only slightly influenced and 

washing is known to improve the stabbing resistivity of the UHMW-PE. [4] But the two sensors are 

sensitive to washing. Therefore the whole inlay can be removed from the jacket prior to washing. This 

extends the life-time of the sensors and avoids a necessary calibration after each washing. 
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Abstract. Conductive fibers/yarns are one of the most important materials for smart textiles 

because of their electrically conductive functionality combined with flexibility and light 

weight. They can be applied in many fields such as the medical sector, electronics, sensors and 

even as thermoelectric generators. Temperature sensors, for example, can be made using the 

thermocouple or thermopile principle which usually uses two different metal wires that can 

produce a temperature-dependent voltage. However, if metal wires are inserted into a textile 

structure, they will decrease the flexibility properties of the textile product. Nickel-coated 
Carbon Fiber (NiCF), a conductive textile yarn, has a potential use as a textile-based 

thermopile if we can create an alternating region of carbon and nickel along the fiber which in 

turn it can be used for substituting the metallic thermopile. The idea was to remove nickel from 

NiCF in order to obtain a yarn that contains alternating zones of carbon and nickel. Due to no 

literature reporting on how to remove nickel from NiCF, in this paper we investigated some 

chemicals to remove nickel from NiCF.  

1.  Introduction 
Smart textiles have become an important sector in the textile field due to its numerous potential 

applications for wearable technologies. Conductive fibers/yarns are one of the most important 

materials in this area because of their electrically conductive functionality, flexibility and light weight 
that can be applied in many fields such as the medical sector, electronics, sensors and even 

thermoelectric generators. As an example, temperature sensors can be made by using the 

thermocouple principle whereby the combination of two different metal wires produces a temperature-
dependent voltage. 

The use of metallic wires for thermocouple or thermopile in textiles has been reported by many 

authors such as follows. Jones used a metallic Type T thermocouple inserted in woven and knitted 

cotton fabrics and studied the possibility to make a textile-based temperature sensing device [1]. A 
heat flux sensor based on the thermopile principle and embedded into a textile structure has been 

reported in various scientific publications. In those works, metal wires made of constantan (Cn) with 
copper (Cu) coating via electrochemical deposition were inserted into a woven fabric and then etched 

in such a way that Cn-Cu junctions were obtained [2–4]. Since the flexibility of the textile is an 

important concern, researchers also investigated the thermocouple principle applied on textile for 
some applications using conductive polymers [5,6].  



 

 
 

 

 

 

Nickel-coated carbon fiber (NiCF) is one of conductive fibers available in the market. It has a 

number of applications such as electrostatic dissipation [7] and electromagnetic interference (EMI) 

shielding [8,9].  

In order to obtain a yarn that contains alternating regions of carbon and nickel, one of the ways is to 

start from a nickel-coated carbon fiber which is then alternately covered with something that is 

resistant to the etching chemicals and then etched the nickel chemically. In this paper, we investigated 

several chemicals to remove nickel from NiCF since to the best of our knowledge there is no literature 
reporting on this subject.   

2.  Experimental 

In the experiment, we used nickel-coated carbon fiber (Tenax®-J HTS40 A23 12K 1420tex MC) which 
was purchased from Toho Tenax Europe GmbH, Germany. In this paper the Tenax®-J will then be 

called NiCF. The number of NiCF filaments was 12000 filaments and the linear mass density was 

1420 tex. 

Chemicals used in this experiment were ammonium persulfate (Fluka), hydrochloric acid/HCl 

(Sigma Aldrich) and hydrogen peroxide/H2O2 (Chem Lab). They were all analytical reagents. The 

removing process of nickel in this experiment is also called the stripping process. Ammonium 
persulfate is typically used to dissolve a number of metals such as copper, cobalt, iron, zinc, 

magnesium and nickel [10]. Acid (sulfuric acid) and hydrogen peroxide solution can be used to 

remove copper in the manufacturing process of PCBs (printed circuit boards) [11], but in this work we 

used hydrochloric acid (HCl) and hydrogen peroxide (H2O2) solution to remove nickel from NiCF.  

Removing nickel was carried out in a glass beaker. NiCF sample was dipped in the chemical 

solution as mentioned in Table 1 (section Result and discussion) below. After the dipping process, the 
samples were rinsed under running water and put between blotting paper to remove excess water 

several times and finally air dried at room temperature for 24 hours. 

Microscopic images of the fibers were taken to observe the fiber surface. Images were taken with 
an Olympus BX51 microscope equipped with Cell^D software. 

The linear electrical resistance was measured based on the four wire method. Each sample was 

placed in a clamping device (Burster Type 2381, Germany). The voltage was measured after a DC 
current was introduced to the sample at different length of measurement from 5 cm up to 20 cm with 

intervals of 5 cm. The resistance in each length was calculated from the following equation: 

  (1) 

Where R is the resistance in ohm (Ω), V is the voltage in volt (V) and I is DC current introduce to the 

fiber in ampere (A). The linear resistance was taken from the slope of the linear graph of resistance 

versus distance.  

3.  Results and discussion 

In this work, we aim at removing nickel from NiCF by using chemicals which are commonly used in 
PCB manufacturing processes. Table 1 shows the chemicals, the conditions and the visual remarks 

during this nickel removing process.  

  



 

 
 

 

 

 

Table 1. Chemicals, conditions and results of the nickel removal process of NiCF 

Chemicals Temperature 
Dipping 

time 

Visual 

remarks 

220 g/L ammonium persulfate  40°C 30 min - 

250 g/L ammonium persulfate 40°C 30 min - 

350 g/L ammonium persulfate 40°C 30 min - 

500 g/L ammonium persulfate 40°C 30 min - 

37% HCl and 3% H2O2 (1:1) RT 30 min + 

37% HCl and 6% H2O2 (1:1) RT 30 min + + + 

37% HCl and 10% H2O2 (1:1) RT 30 min + + + + 

(-) No sign of nickel removal from NiCF, no colour change 

(+) A sign of nickel removal with very little colour change 

(+++) A sign of nickel removal with significant colour change 

(++++) A sign of nickel removal with very clear colour change 

 

Visual observation 

Carbon fibers are normally black, while nickel-coated carbon fibers are brown in colour due to the 

nickel layer on the surface. So, logically if the nickel is completely removed from the NiCF it will 

leave a black colour from the carbon fibers remaining. In this experiment colour change on NiCF 

filaments dipped in 220  500 g/L ammonium persulfate solutions at 40°C for 30 minutes were not 
observed and visually there was no colour change in the ammonium persulfate stripping bath. This 

means that ammonium persulfate cannot dissolve nickel from NiCF.  

In contrast, when using 37% HCl and 3-10% H2O2 (1:1) as stripping chemicals for the NiCF, 
different intensities of colour change from colourless to green in the stripping baths were observed. 

The 37% HCl and 10% H2O2 (1:1) stripping solution shows the highest intensity, indicating that a 

huge amount of nickel was dissolved into the solution. This phenomenon can be seen in Figure 1.  

Figure 1. NiCF filaments after 30 minutes dipping in: (a) 37% HCl + 3% H2O2 (1:1); (b) 37% HCl + 
6% H2O2 (1:1); (c) 37% HCl + 10% H2O2 (1:1). 

Colour changing from colourless to green was attributed to nickel chloride. The following is the 

possible reaction of stripping nickel with HCl and H2O2. 

Ni
2+ + + NiCl2 + 2 H2O2 HCl H2O2

 

a b c 



 

 
 

 

 

 

Similarly, Figure 2 shows that after stripping with 37% HCl and 3-10% H2O2 (1:1) the filaments 

are turning to black. The higher the concentration of H2O2, the darker the colour of the NiCF 

filaments. A drastic colour change of the NiCF filament was observed when dipped in 37% HCl and 

6% H2O2 (1:1) (Figure 2.c). It also confirms that nickel was oxidized and dissolved by hydrochloric 
acid and hydrogen peroxide.  

 
Figure 2. NiCF filaments: (a) before stripping; after stripping in (b) 37% HCl +3% H2O2 (1:1); (c) 

37% HCl +6% H2O2 (1:1); (d) 37% HCl +10% H2O2 (1:1). Rulers show main unit in cm. 

From the microscope images in Figure 2, it is seen that the diameter of the NiCF filament becomes 
smaller after stripping in hydrochloric acid and hydrogen peroxide. The higher the concentration of 

hydrogen peroxide, the smaller the diameter of the NiCF filament. These images also confirm that 

when the nickel layer becomes thinner, the colour of NiCF filament becomes more black. However, 
even in the concentration of 10% hydrogen peroxide, a trace of nickel is still seen on the surface of the 

NiCF filament indicating that nickel was not completely removed (Figure 2.d). 

 

Linear electrical resistance 

The linear electrical resistance was measured to see the NiCF’s electrical characteristics after the 
stripping process. The higher the concentration of hydrogen peroxide, the higher the linear electrical 

resistance of the NiCF filament become, as can be seen in Table 2 and Figure 3. This phenomenon is 

related to the decreasing of nickel layer thickness on the filaments that causing the linear electrical 

resistance to be higher. It agrees with the work of Pierozynski that the resistance of nickel-coated 
carbon fiber is getting lower as the weight percent of the nickel deposited on the fiber is higher [7]. In 

other words, nickel can increase the conductivity of the carbon fiber. 

Similar to the colour change, an extreme difference in linear electrical resistance can be seen on the 
NiCF treated in 37% HCl and 6% H2O2 (1:1) solution (31.53 Ω/m) compare to the untreated (2.27 

Ω/m) as well as 37% HCl and 3% H2O2 (1:1) treated (2.87 Ω/m) sample. This implies that nickel was 

dissolved in 37% HCl and 6% H2O2 (1:1) solution so fast that a lot of nickel was removed from the 
surface of the carbon fiber. The sample treated in 37% HCl and 10% H2O2 (1:1) has the highest linear 

electrical resistance (45.93 Ω/m). 
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Table 2. Linear electrical resistance of the samples 

Samples 

Linear electrical 

resistance 
(Ω/m) 

Untreated NiCF 2.27 

37% HCl and 3% H2O2 2.87 

37% HCl and 6% H2O2 31.53 

37% HCl and 10% H2O2 45.93 

 

  

Figure 3. Linear electrical resistance of NiCF filaments 

4.  Conclusion  
In summary, we successfully removed nickel from nickel-coated carbon fibres (NiCF) with chemicals. 

In this study, the 37% HCl and 10% H2O2 (1:1) solution could dissolve much nickel from the NiCF 

filaments, that can be seen from the colour change of the filament and of the stripping solution. The 
decrease in fiber diameter and the increase in linear electrical resistance of the NiCFs confirm that 

nickel was removed from the NiCF filaments. In contrast, ammonium persulfate could not remove 

nickel from NiCF. In further studies, the 37% HCl and 10% H2O2 (1:1) solution will be applied to 
selectively strip the NiCF filaments and make a thermopile. 
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Abstract. In this paper, manufacturing of polylactic acid nanocomposite 3D printer filaments 

was considered for smart textile applications. 3D printing process was applied as a novel 

process for deposition of nanocomposites on PLA fabrics to introduce more flexible, resource-

efficient and cost effective textile functionalization processes than conventional printing 

process like screen and inkjet printing. The aim is to develop an integrated or tailored 

production process for smart and functional textiles which avoid unnecessary use of water, 

energy, chemicals and minimize the waste to improve ecological footprint and productivity. 

 
1. Introduction 

Textiles have been part of our life for a very long time. We wear clothes all the time and they used to 

protect us against for example severe weather. Smart textiles are next generation of textiles which are 

becoming part of our life. They are intelligent materials and systems which sense and respond to their 

environment. Smart textiles can be used for many different applications such as medical reasons like 

breath and heart-rate monitoring, for protection purposes for soldier and firefighters and also for 

wearable electronics for high speed communications. It is believed that smart textiles will increase 

social welfare and they might lead to important savings on welfare budget.  

The merge of textiles and electronics can be used for the development of smart materials that 

include a wide range of functions which is found in rigid and non-flexible electronic parts nowadays. 

However, there are many challenges to take up regarding flexibility, washability and integration of 

these materials. So, many researchers are focused on the development of flexible, stretchable and 

washable smart textiles with an increased comfort [1–8]. 

The combination of 3D printing production processes and nanomaterials have the potential to 

resolve this challenge and help to create an efficient production technology for smart textiles [9]. This 

technology can be used in smart bandages, safety equipment for military use, virtual reality gloves, 

wearable with sensor and heat properties, medical needs, automotive and more. Based on the needs of 

the functional and smart textiles, printing process should be adjusted in order to print electronics and 

sensors as an integral part of the fabric. The printed material should have high enough functional 

properties including conductivity and elasticity.  



3D printing is a term to define a technology applied for the rapid prototyping or rapid 

manufacturing of 3D objects directly from digital computer aided design (CAD) files [10]. The main 

differences between several 3D printing processes are in the way of layer deposition and used 

materials. Some methods melt or soften the material to produce the layers like fused deposition 

modeling (FDM), some compact and form a solid mass of powdered material by laser such as 

selective laser sintering (SLS), while others cure liquid materials using technologies such as 

stereolithography based on photo-solidification, a process by which light causes chains of molecules to 

link together forming polymers.  

The most used technology in low-cost 3D printers is FDM. The method uses a plastic filament 

which is pushed the material through a heated extrusion nozzle melting. The method begins with 

software which processes an STL (stereolithography) or CAD (computer-aided design) file, 

mathematically slicing and orienting the model for the building process. 

3D printing of complex geometrics of nanomaterials layer by layer can lead to obtain greater 

control over material properties across part dimensions. So we have been trying to combine 3D printed 

nanocomposites with textiles to develop desired functionality in smart textiles.  

In this research polylactic acid (PLA) has been selected as a matrix for nanocomposites. There are 

a number of reasons for increasing interest in PLA as a matrix in nanocomposites. Firstly, PLA is one 

of the most advanced biopolymers in terms of its commercialization. Secondly, it has high mechanical 

properties and can be melt processed with standard processing equipment. At the end biodegradability 

is an important factor that is being taken into consideration. 

Present study developed method of manufacturing of conductive PLA composite 3D printer 

filaments for the Fused Deposition Modelling (FDM) manufacturing process. The break strength of 

the 3D printed material also has been investigated.   

 

2. Materials and methods 

Conductive 3D printer filaments were created using a melt mixing process from conductive polymer 

nanocomposites (CPC). Two different conductive fillers were applied including multi-walled carbon 

nanotubes (MWNT) and high-structured carbon black (HS-CB). MWNT contents between 0.5 and 5.0 

wt.% and HS-CB between 1.5 and 10 wt.% was incorporated into PLA matrix. A 3D printer 

(WANHAO Duplicator 4/4x) with the maximum printing size of 22.5*14.5*15 with the nozzle 

diameter of 0.4mm was used to 3D print prepared filaments (figure 1). 

 

 

Figure 1. 3D printing of PLA nanocomposites on fabric 

3. Results  

The resulting rods displayed sufficiently circular cross-sectional profiles (figure 2). 

 



 

Figure 2. PLA nanocomposites 3D printer filaments 

 

The electrical percolation threshold was 3% for high-structured carbon black and 1% for MWNT 

composites. Two types of produced filaments (2% CNT and 5% CB) with almost the same 

conductivity of 0.04 S/cm were chosen to do 3D printing in different processing parameters such as 

extruder temperature. Results show that 5% CB 3D printed layer has lower break strength in compare 

with 2% CNT with the same conductivity (figure 3a). 3D printing of produced nanocomposites in 

higher extruder temperatures also brings about lower deposited layer break strength which shows 

higher brittleness of the 3D printed layers.  

 

 

Figure 3. Effect of (a) filler type (b) extruder temperature on break strength of nanocomposite 3D 

printed layers 

 

4. Future works 

Different methods will be investigated for measuring electrical conductivity of produced rods to find 

the optimum measurement method. Dynamic mechanical analysis will be done to find the bending, 

tension and compression properties of 3D printed CPCs for smart textile applications.  
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Abstract. Nowadays the numbers of disabled and elderly people is increasing, and the 

development of adaptive clothing for these people is in demand. The purpose of this study is to 

add features in bra design, to make it “Easy on, Easy off", to encourage the hemiplegic females 

to begin to dress themselves and to make dressing easier and more protective for them. This 

adaptive bra design will offer benefits to the wearer that include independence, conformity to 

culture, concealment of the disability, comfort, psychological contentment, safety, and 

durability. Our adaptive bra will promote harmony between functionality and aesthetics. Our e-

bra enables continuous, real-time monitoring to identify any pathophysiological changes by 

monitoring blood pressure, body temperature, respiratory rate, oxygen consumption, some neural 

activity. 

1. Introduction 

Brain damage is one of the most common and serious injuries, and the elimination of its effects is a 

long, complex and expensive process. According to research data, 20% of patients die from stroke, more 

than 50% of stroke survivors remain temporarily or permanently disabled, only 20% of working-age 

people return to work, and about 10% of patients are in need of nursing. Approximately 43 to 69% of 

patients who have suffered a stroke, have problems with their hand movements, and four years after the 

disease, impaired hand function and its restriction remains a major problem for patients [11].  

The most common consequence of stroke is paralysis, which disrupts movements. There are two 

broad types of paralysis: hemiparesis and hemiplegia. Statistics show that after stroke hemiplegia 

occurs in 11.2%, severe hemiparesis in 11.1%, and mild hemiparesis in 58.9% of patients [10]. 

Hemiplegia (sometimes called hemiparesis) is a condition that affects one side of the body (Greek 

‘hemi’ = half). The brain is made-up of two sides or hemispheres. Each hemisphere is responsible 

for different body functions and skills. For the majority of people, the left side of the brain controls 

the person’s analytic functions; it also controls the right hand activity. The right hemisphere 

contributes, listed in Figure 1 and the left hand activity. 

  

Figure 1. The functions of brain 



Damage to the right hemisphere of the brain may lead to disruption of these cognitive processes, 

resulting in unique cognitive and communication problems. In many cases, the person with right 

brain damage is not aware of the problems that he or she is experiencing [1]. 

The left-brain controls activities such as speaking, reading, memory, analysis and controlling the 

right side of the body. As such, damage to the left-brain affects these processes, and may result in 

cognitive issues, difficulty in speaking or writing, and difficulty with the right side of the body 

activity. 

Hands function is one of the most important components of the quality of life. Hands can help us 

manipulating objects in different environments, so the arm function recovery is of great importance. 

Many scientific articles explore the upper extremity disorders and its restoration after stroke. Most 

physiotherapy methodologies used on patients after stroke tend to compensate the impaired function 

and ensure the recovery of independence in daily life [5]. Patients have taught to use the undamaged 

hand and various compensatory measures, while the purpose of constraint-induced movement 

therapy is maximum return of hand functions or improvement of existing functions in damaged hands 

[4]. 

Activities of daily living (ADL) often pose significant difficulty for physically challenged people. 

Inability to perform certain ADLs independently can affect an individual's privacy, dignity and self-

esteem. Clothing is one of the basic needs of human life. It plays an important role in the development 

of an individual, which is equally true in case of physically challenged [2]. Adaptive clothing can 

offer arthritis women an easy, time saving and pain free way to dress. A woman whose one hand is 

dysfunctional, viz. amputees, stroke-induced hemiplegia or congenital disorder, would find it 

difficult to dress up herself independently. Therefore, a design intervention is imperative to save the 

dignity of such members with special needs in our society [11]. 

Donning and doffing of undergarments is the main area of our research where patients suffering from 

hemiplegia experienced great dissatisfaction with their clothing.  Frustration about not being able to 

dress or undress independently was apparent in their comments.  Figure 2 illustrates this statement 

by showing the typical problems of donning and doffing of bra in the patients suffering from 

hemiplegia [3]. 

 

          

Figure 2. Donning and doffing of bra  

Fasteners are often a critical element that determines if a garment functions properly and should be 

one of the primary concerns of designers. People with disabilities may find fasteners to be the most 

difficult clothing problem to deal with. Small buttons, hooks and eyes and zippers can be a challenge 

to use when hand dexterity is impaired. There are simple solutions suggested by the research that can 

reduce the difficulty of opening and closing a garment [9]. 



2. Functional Design Process 

Functional clothing falls into two different categories. The first category is functional design for 

occupations that require specialized clothing. The second category is for those who need functional 

clothing for daily living. Functional design keeps the consumer and the desired effect of the clothing 

designed at the center of the design process and allows designers to do much more than fashion design. 

The specific functions of clothing have considered in the process of assessing the wearer’s needs and 

product properties throughout the development of the design. 

 

Figure 3. Functional Design Process  

An advantage of this approach when designing for people with disabilities is that the focus is on 

improving the garment rather than the disability. The goal of functional apparel designs in this sense 

is to contribute to the independence of a person with a disability, which may also contribute to an 

increase in confidence and sense of self. In regards to people with disabilities, functional clothing is 

any clothing which has specially designed, altered or adapted to eliminate, or lessen clothing 

problems, and which at the same time is pleasing to the wearer [2]. 

The type and location of apparel fasteners (e.g. buttons) are important to facilitate dressing for 

persons with hemiplegia. This study evaluated a series of garments with different fastener types and 

locations using hemiplegic subjects. For persons with stroke-induced hemiplegia, dressing and 

undressing can be a daily challenge. The small buttons, hooks and eyes, snaps and buckle fasteners 

that has used on many items of apparel can be difficult for the hemiplegic to manipulate because of 

muscular weakness, loss of finger dexterity and/or eye/hand coordination, and limited ranges of 

motion [8]. In addition, the openings on garments must be in an accessible location for the fastener 

to be functional; persons with a nonfunctional or limited-function hand need fasteners located within 

the range of the functional hand. Little research has done to specifically investigate, apparel fastener 

systems for hemiplegics [11]. While previous research dealing with apparel fasteners has included 

many types of physical impairment, it has not focused specifically on the problems of hemiplegics 

or has studied a specific disability other than hemiplegia, e.g. arthritis [4]. The purpose of this study 

was to evaluate the functional qualities (i.e. time to open and close, number opened and closed, 

subjective preferences) of different fasteners in various garment locations for persons with 

hemiplegia due to stroke. 

In addition, an advisory group attached to the project specified safety and maintenance demands, 

which are stated below.  

2.1. Functional demands: 

The clothing fastener should; 

• be located in the patient's optimum grip area, 

• be easy to understand and identify, visually as well as tactually, 

• be possible to handle with one hand, 

• be easy to grip and hold, 

• not demand more grip strength or precision handling than the patient is able to produce, 

• stand body movements without opening, 

• be of suitable dimensions for handling as well as clothing construction. 

2.2. Comfort and safety demands: 



The closure should; 

• not scratch or rub the skin, 

• not cause such a pressure against the skin that might lead to pressure-sores. 

2.3. Sewing and maintenance demands 

The closure should;  

• be easy to fasten, 

• be lasting and easy to replace, 

• stand washing (chemicals, high temperature),  

• be 'cheap'. 

3. Development of prototypes  

The prototype work started with a brainstorming session, in which a great number of realizable and, for 

the actual purpose, unrealizable ideas on clothing fasteners had been presented. After a discussion with 

the advisory group, it had been decided to work along three lines. On the one hand, adapted magnetic 

fasteners were to be developed, making it possible also for persons with reduced strength, mobility and 

sensitivity in their hands to manage fasting. On the other hand, extended bra strap with front opening, 

making it possible to handle the closure with one hand and without genuine grip function, and lastly the 

use of sensors for monitoring. After an initial evaluation of the available models, there will be further 

modifications. 

A brassiere designed particularly for easily put on by partly incapacitated persons is shown in Figure 

4. 

 

Figure 4. Prototype Bra design 

Fastening is achieved by a strap fastener comprising a pair of engage-able magnetic fasteners of 

opposite polarity to each. A strap engagement portion is connected to each magnetic fastener and 

extending transverse to said common axis of engagement of said magnetic fasteners; and at least one 

protrusion to reside against a perimeter of an opposed magnetic fastener to resist movement of one 

magnetic fastener with respect to the other transverse to said common axis on which they engage [5]. 



 

Figure 5. Use of Magnetic fasteners 

A number of smart wearable electronic garments have incorporated existing, adapted or developed 

sensors for the measurement of biometric factors such as body temperature, heart rate, respiration 

rate, skin conductivity, etc. [6, 7].  

Our e-bra enables continuous, real-time monitoring to identify any pathophysiological changes. The 

system monitors blood pressure, body temperature, respiratory rate, oxygen consumption, some 

neural activity and all the readings provided by a conventional electrocardiograph (ECG), including 

the ability to display inverted T waves, which indicate the onset of cardiac arrest. The platform shown 

in Figure 6 have various sensors for cardiac-health monitoring which are integrated into the fabric. 

The bra collects and transmits vital health signals to any desired location in the world. The sensors, 

which are smaller than a dime, include gold nanowires, as well as flexible, conducting textile Nano-

sensors. The sensors are made of arrays of gold Nano-electrodes fabricated on a flexible substrate. 

The textile sensors are woven into the bra material. These sensors do not require conventional sticky 

electrodes or the use of gel. 

 

 

 
Figure 6. E- Bra 

4. Conclusion 

All the efforts made to meet the needs of physically handicapped in the area of special appliances to 

enable them to be independent and self-sufficient. Our e-bra enables continuous, real-time monitoring 

to identify any pathophysiological changes. The system monitors blood pressure, body temperature, 

respiratory rate, oxygen consumption, some neural activity and all the readings provided by a 

conventional electrocardiograph. However, the importance of comfortable, convenient and self-help 

clothing, to give a feeling of self-confidence to the handicapped females were a neglected area. Specific 

features in bra will help the handicapped females to get more fun and comfort from her clothes, will 



help her to dress and undress herself more easily and quickly, and life easier and protected as by 

monitoring we can get information about the about any pathophysiological changes. 
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Abstract. Two different textile substrates were screen printed with silver-based 

inks in order to be electrically conductive. In every textile four conductors 

were printed with different widths in order to investigate the influence of heat 

transfer on each conductor. This was done, by using the thermo graphic camera 

and through the evaluation of each conductor’s profile. It was found that the 

conductors printed on the white textile had higher values of heat transfer 

compared to the other conductors printed on the dark textiles. 

1.  Introduction 

Over the last years smart textiles have become popular as a concept. In order to manufacture these 

wearable textile systems, electroconductive textiles are needed. Electroconductive textiles can be 

achieved by using conductive fibres, yarns coatings, polymers or inks [1-14]. Nowadays the last 

method, the conductive inks, have found use in many smart applications such as printed circuit boards 

(PCBs), Radio-frequency identification (RFID tags), wiring boards, textile antennas, sensors, etc. [14-

21]. These conductive printed lines show a rather high electric resistivity when silver inks were used 

during the screen printing process [9]. Wherefore with this research were given more information 

about the textile conductors in order to have the perfect smart textile, without hotspots. 

Infrared thermography is the method used in this research, which is rapidly gaining popularity 

amongst the researchers in various fields like medicine, biology, material science, civil engineering, 

etc. Many researchers has explored the potential of infrared thermography to investigate several 

thermo physical phenomena like heat transfer, measurement of thermal properties, non-destructive 

testing (NDT), greenhouse gas exchange or diagnosis of diseases, as any of processes that leads to a 

variation in temperature of the object can be subjected to thermographic investigation. In textile 

research infrared thermography, is applied in different applications such as: synthetic fibre spinning, 

clothing comfort, non-destructive testing of composite, product development, mechanical property and 

failure analysis, thermal property, heat transfer and drying [13, 22-24]. 

In this paper were used two different textiles, where four conductors were screen printed with silver-

based inks. In order to observe the thermal property and heat transfer a thermographic camera was 



 

 

 

 

 

 

used showing that the white textile has a higher value of the heat transfer for all four conductors 

compared to dark textiles. This research may help  

2.  Experimental work 

In this study two woven textiles were selected, made of Cotton/Polyester (33/67%) and Polyamide 

(100% PA). The physical and mechanical properties were determined by ISO standards and are listed 

in the Table 1. 

Table 1. Properties of applied textiles 

Woven textile 

materials 
Colour 

Yarn density of fabric 
The type of 

textile weave 

Basic 

weight 

(g/m²) 

Specific 

heat  

(J/kg/KT) 
Warp 

(threads/cm) 

Weft 

(threads/cm) 

Cotton/Polyester 

(CO/PES) 

Dark 

blue 
32 20 Twill 2/1 240 1166 

Polyamide (PA) White 45 32 Twill 2/2 99 1600 

 

The conductive ink used for these textiles was provided by Henkel and the screen printed method is 

used [9]. The design has four lines with different width and a square as reference (Figure 1). 

 

 

 

 

  
 

 

Figure 1. Design and parameters for the conductors 

 

 

 

3.  Method for thermal analysis 

In order to analyse the thermal properties of the printed samples a thermographic camera FLIR T420 

25°, is used.  

The samples were hanged and a current was supplied to each printed line separately, from a DC power 

supply (EL301R Power Supply). The measurements were completed at room temperature. 

Each line was measured separately from the others. On each line two contacts were glued with 

electroconductive glue on the both edges of the conductive sample, in order to have a good 

electroconductive contact. 

The current supplied was increased from 0.200, 0.500 to 1.050 A and the voltage is measured. To 

stabilize the temperature, was waited for 15 minutes and this was recorded with the thermal camera.  

The data were collected for the line X (recording line) (see figure 1) and the profiles for the two 

transmission lines were taken. 

4.  Results and Discussion 

After the evaluation of the profiles for each transmission line (L1, L2, L3 and L4) some calculations of 

the slopes were done in order to calculate the total heat transfer and the thermal conductivity, 

concluding with theoretical calculations of the slopes. 

All transmission lines of the two textiles were given the same current, so they will have the same heat 

energy (depending from the width) as a result of conductive heat transfer. Regarding to the color of 

 

 

l 1 

 

l 2 

 

l 3 

 
l 4 

( 

l5 

mm 

l 6 

) 

l 7 

 

l 8 

 

l 9 

 

Design 20 5 10 4 5 3 2.5 3 10 

Textile 1 (CO/PES) 20.5 4.5 11 3.5 6 3 3 2.5 10 

Textile 2 (PA) 20 4.5 10.5 3.5 5.5 3.5 2.5 3 10 

l9l8

l7

l6
l5

l4
l3

l2
l1

X (Recording Line)

Textile border

L1
L2 L3 L4



 

 

 

 

 

 

textiles, the white will radiate the heat to surrounding printed transmission lines, more slowly than the 

dark textiles. This can be explained by the fact that dark surfaces absorb radiant energy while white 

ones reflect it. The profiles for two conductors are shown in Figure 2. 

 

  
 

Figure 2. Profiles for the four conductors 
 

After the evaluation of the profiles some theoretical calculations of the slopes were done: 

    L =
0,432 (x2−x1)

logT1−logT2
      (1) 

Where: x1 and x2- the start and the end point of the slope 

In order to calculate the total heat transfer the equation (2) is used: 

    h=hc +hr       (2) 

Where: 

hc – heat transfer convection 

hr – heat transfer radiation 

     hc =  1,485 (
ΔT

H
)0,25     (3) 

    hr= 4σ T3       (4) 

ΔT - the average temperature difference 

H - The height of textiles sample = 0,235m  

σ - Stefan Boltzmann constant = 5.6703 × 10-8 (Wm-2K-4) 

T – Absolute temperature in Kelvin 

In order to find the thermal conductivity the formula (4) is used: 

               L = √
kts

2h
⇒ k =

2hL2

ts
                                 (5) 

 

Where: ts-the thickness of the textile  

 

In the Figure 3 the profiles for the printed textile 1 are shown. Each profile is evaluated separately by 

drawing slopes, such as Line 1-1, Line 1-2 and Line 1-3 (Figure 4). The first number of the Lines 

shows the printed conductor (Figure 1) and the second number the slopes of the profile in evaluation. 

 

 
Figure 3. Four profiles for the Textile1  
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Figure 4. Evaluation of the profile through the slopes for the conductors 1, 2, 3 and 4 of the Textile 1  

 
In the Figure 5 the profiles for the printed textile 2 are shown. Each profile is evaluated as explained 

above. 

 
Figure 5. Four profiles for the Textile2  
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Figure 6. Evaluation of the profile through the slopes for the conductors 1, 2, 3 and 4 of the Textile 2  

 

In the table 2 and 3 are shown the results of the theoretical calculations of the slopes, done after the 

evaluation of the profiles for each conductor (L1, L2, L3 and L4). 

 

Table 2 and 3. Theoretical results of the slopes for Textile 1 and Textile 2 

Nr
x1      

(mm)

x 2    

(mm)
log T1 log T2

H              

(W/m
-2

°C)

L²           

(mm)
2

k          

(W/m·K)

Line 1-1 15,35 12,93 0,33 0,00 9,27 10,17 0,44

Line 1-2 37,17 42,02 0,57 0,14 9,27 24,42 1,05

Line 1-3 42,82 45,25 0,07 0,01 9,27 279,10 12,04

Line 2-1 42,02 37,17 1,07 0,48 10,76 13,13 0,66

Line 2-2 36,36 21,82 0,46 0,02 10,76 208,71 10,45

Line 2-3 52,52 56,56 1,07 0,62 10,76 15,47 0,77

Line 2-4 57,37 61,41 0,59 0,50 10,76 333,89 16,71

Line 2-5 61,41 64,64 0,50 0,27 10,76 38,22 1,91

Line 2-6 65,45 67,87 0,20 0,15 10,76 522,65 26,16

Line 2-7 68,68 70,30 0,14 0,01 10,76 30,05 1,50

Line 3-1 55,75 52,52 1,35 0,85 12,68 8,04 0,47

Line 3-2 51,71 42,02 0,80 0,45 12,68 143,05 8,44

Line 3-3 41,21 37,17 0,37 0,14 12,68 54,32 3,20

Line 3-4 36,36 23,43 0,13 0,01 12,68 2152,81 127,01

Line 3-5 62,22 65,45 1,39 1,06 12,68 17,87 1,05

Line 3-6 65,45 67,87 1,06 0,99 12,68 213,69 12,61

Line 3-7 67,87 72,72 0,99 0,69 12,68 50,92 3,00

Line 3-8 72,72 81,61 0,69 0,48 12,68 319,21 18,83

Line 3-9 82,42 92,92 0,41 0,19 12,68 429,78 25,35

Line 4-1 64,64 61,41 1,69 1,16 15,82 7,09 0,52

Line 4-2 60,60 55,75 1,09 0,89 15,82 108,59 7,99

Line 4-3 55,75 52,52 0,89 0,55 15,82 17,14 1,26

Line 4-4 51,71 42,01 0,50 0,28 15,82 421.75 31.4

Line 4-5 41,21 33,94 0,26 0,11 15,82 443,10 32,61

Line 4-6 33,13 17,78 0,13 0,04 15,82 5485,61 403,72

Line 4-7 16,16 10,50 0,04 0,02 15,82 23559,09 1733,84

Line 4-8 68,68 71,10 1,63 1,29 15,82 10,05 0,74

Line 4-9 71,91 78,38 1,25 1,03 15,82 161,29 11,87

Line 4-10 80,80 84,84 0,93 0,63 15,82 33,74 2,48

 Textile 1

  

Nr
x1           

(mm)

x 2             

(mm)
log T1 log T2

H              

(W/m
-2

°C)

L²           

(mm)
2

k          

(W/m·K)

Line 1-1 7,590 1,518 0,678 0,103 10,19 21,02 3

Line 1-2 28,842 33,396 0,827 0,212 10,19 10,34 2

Line 1-3 34,155 36,432 0,139 0,029 10,19 80,78 13

Line 2-1 32,637 28,083 1,193 0,428 12,43 6,68 1

Line 2-2 27,324 19,734 0,372 0 12,43 78,48 15

Line 2-3 44,022 47,817 1,296 0,684 12,43 7,25 1

Line 2-4 47,817 51,612 0,684 0,502 12,43 81,97 16

Line 2-5 51,612 56,925 0,502 0,0934 12,43 31,88 6

Line 2-6 56,925 59,961 0,0934 0,049 12,43 881,49 169

Line 3-1 45,54 41,745 1,692 0,909 15,57 4,43 1

Line 3-2 41,745 33,396 0,909 0,408 15,57 52,36 13

Line 3-3 32,637 28,842 0,394 0,082 15,57 27,89 7

Line 3-4 51,612 54,648 1,58 1,102 15,57 7,61 2

Line 3-5 55,407 57,684 1,045 0,955 15,57 120,68 29

Line 3-6 58,443 60,72 0,877 0,684 15,57 26,24 6

Line 3-7 61,479 75,9 0,667 0,164 15,57 154,97 37

Line 4-1 54,648 50,853 1,858 1,085 19,54 4,54 1

Line 4-2 50,853 46,299 1,085 0,795 19,54 46,49 14

Line 4-3 46,299 43,263 0,795 0,338 19,54 8,32 3

Line 4-4 42,504 39,468 0,2121 0,041 19,54 59,36 18

Line 4-5 57,684 60,72 1,87 1,228 19,54 4,22 1

Line 4-6 61,479 71,346 1,141 0,394 19,54 32,89 10

Line 4-7 72,105 75,9 0,276 0,075 19,54 67,21 20

Textile 2

 
 

As it can be seen at the tables, 2 and 3, textile 2, which has a white background show to have a higher 

value of the heat transfer for all four conductors, compared to the other two textiles. This can explain 

by the fact that dark surfaces absorb radiant energy while white ones reflect it.  

All conductors of the two textiles were given the same current, so they will have the same heat energy 

(depending from the width) as a result of conductive heat transfer. Regarding to the colour of textiles, 

the white will radiate the heat to surrounding printed conductors, more slowly than the dark textiles. 
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In table 4, is given a summary of the heat transfer for all the textiles. Here, one can observe that for the 

two textiles, the heat transfer increase with the decrease of the conductor width. As it can be seen the 

Line 4 with a width of max 3 mm has the highest values than Line 1 with a width of max 20.5 mm. 

 

Table 4. Total heat transfer for the textiles 

 
h 

(W/m-2°C) 

  

Textile 

1 

Textile 

2 

Line 

1   9,27 10,19 

Line 

2 10,76 12,43 

Line 

3 12,68 15,57 

Line 

4 15,82 19,54 

 

5.  Conclusion  

In this paper the investigation of the influence of heat transfer on screen printed textile transmission 

lines is presented. Based on the experimental results of the two textile screen printed transmission 

lines, was conclude that textile 2, which has a white background show to have a higher value of the 

heat transfer for all four transmission lines, compared to the textile 1.  

Moreover was observe that the heat transfer increase with the decrease of the conductor width.  

So it is important to mention that in order to have the right textile conductors, one has to make the 

right combination of textile materials, design and conductive inks. 

 

Bibliography 

 

[1] X. Tao, M-Y. Leung, H. Zhang P. Xue, 2007, "Electromechanical properties of conductive 

fibres, yarns and fabrics," in Wereable electronics and photonics., pp. 81-103. 

[2] J. Hakuzimana. E. Gasana, P. Westbroek, L. Van Langenhove, A. Schwarz, 2008."Gold Coated 

Polyester Yarn," Advances in Science and Technology, vol. 60, pp. 47-51,  

[3] W. Chen, C. Doty B. S. Shim, 2008 "Smart electronic yarns and wearable fabrics for human  

  biomonitoring made by carbon nanotube coating with polyelectrolytes," Nano Letters, vol. 8,  

pp. 4151-4157. 

[4] C. L. Shen, C. F. Tang C. T. Huang, 2008. "A wearable yarn-based piezo-resistive sensor",     

Sensors and Actuators A, vol. 141, pp. 396-403, 

[5] W. M. Au, Y. Li L. Li, 2009, "A novel design method for an intelligent clothing based on  

knitting technology and garment design", Textile Research Journal, vol. 79, pp. 1670-1679. 

[6] J. Hakuzimana, A. Kaczynska, J. Banaszczyk, P. Westbroek, E. McAdams, G. Moody, Y.  

Chronis, G. Prinotakis, G. De Mey, D. Tseles, L. Van Langenhove A. Schwarz, 2010. "Gold  

coated para-aramid yarns through electroless deposition" Surface & coatings Technology,  

vol. 204, no. 9-10, pp. 1214-1418. 

[7] M. W. Au, Y. Li L. Li, 2010, "Design of intelligent garment with transcutaneous electrical  

nerve stimulation function based on the intarsia knitting technique", Textile Research  

Journal, vol. 80, pp. 279-286. 

[8] T. Akkan, E. Y. Bulgun Y. Senol, 2011, "Active T-shirt", International Journal of Clothing  

Science and Technology, vol. 23, pp. 249-257. 

[9] I. Kazani, C. Hertleer, G. De Mey, A. Schwarz, G. Guxho, L. Van Langenhove 2012,  

"Electrical conductive textiles obtained by screen printing", FIBRES & TEXTILES IN  



 

 

 

 

 

 

EASTERN EUROPE, vol. 20, no. 1, pp. 57-63. 

[10] J. Eichhoff, T. Gries R. Alagirusamy, 2013, "Coating of conductive yarns for electro-textile  

applications", Journal of The Textile Institute, vol. 104, pp. 270-277. 

[11] P. Potluri, A. Fernando S. T. A. Hamadani, 2013, "Thermo-mechanical behaviour of textile  

heating fabric based on silver coate", Materials, vol. 6, pp. 1072-1089. 

[12] A. Schwarz, I. Kazani, L. Cuny, C. Hertleer, F. Ghekiere, G. De Clercq, L. Van Langenhove,  

2011, "Comparative study on the mechanical properties of elastic, electro-conductive hybrid  

yarns and their input materials", Textile Research Journal, vol. 81, no. 16, pp. 1713-1723. 

[13] G. De Mey,  M. Ozcelik, A. Schwarz, I. Kazani, C. Hertleer, L. Van Langenhove, N. C.  

Gursoy, 2014, "Designing of conductive yarn knitted thermal comfortable shirt using battery  

operated heating system",  TEKSTIL VE KONFEKSIYON, vol. 1, pp. 64-67. 

[14] I. Kazani, F. Declercq, M. L. Scarpello, C. Hertleer, H. Rogier, D. Vande Ginste, G. De Mey,  

G. Guxho, L. Van Langenhove, 2014. "Performance study of screen-printed textile antennas  

after repeated washing", AUTEX RESEARCH JOURNAL  vol. 14, no. 2, pp. 47-54. 

[15] M. L. Scarpello, I. Kazani, C. Hertleer, H. Rogier, D. Vande Ginste, 2012, "Stability and  

efficiency of screen-printed wearable and washable antennas," IEEE ANTENNAS AND  

WIRELESS PROPAGATION LETTERS, vol. 11, pp. 838-841. 

[16] B. Karaguzel, T-H. Kang, J. M. Wilson, P. D. Franzon, H. T. Nagle, B. Poudeyhimi, E. Grant  

C. R. Merritt, 2005, "Electrical charachterisation of transmission lines on nonwoven textile  

substrates",  Material Research Society, vol. 870E. 

[17] C. Hertleer, G. De Mey, G. Guxho, L. Van Langenhove I. Kazani, 2014, "Electrochemical  

properties of screen-printed textiles electrodes," in 23rd Congress of Chemists and  

Technologists of Macedonia, pp. 275-275. 

[18] G. Troster I. Locher, 2007, "Screen-printed textile transmission lines", Textile Research  

Journal, vol. 77, pp. 837-842. 

[19] H. Kim, H. J. Yoo Y. Kim, 2010, "Electrical charachterisation of screen-printed circuits on  

the fabric",  IEEE Transaction on Advanced Packaging, vol. 33, no. 1. 

[20] S. Manich, R. Rodriguez, M. Ridao J. Rius, "Electrical charachterisation of conductive ink  

layers on textile fabrics: model and experimental results". [Online].  

http://dit.upc.es/lpdntt/rius/web/paper29.pdf 

[21] H. T. Nagle, E. Grant C. R. Merritt, 2009, "Textile-Based Capacitive Sensors for Respiration  

Monitoring", IEEE Sensors Journal, vol. 9, pp. 71-78. 

[22] S. K. Chattopadhyay, S. Tuli D. Banerjee, 2013, "Infrared thermography in material research  

- A review of textile applications", Indian Journal of Fibre & textile Research, vol. 38, pp.  

427-437. 

[23] S. K. Bahadir, Y. E. Boke, F. Kalaoglu H. Sezgin, 2014, "Thermal analysis of e-textile  

structures using full-factorial experimental design method", Journal of Industiral Textiles,  

pp. 1-13. 

[24] T. Häkkinen, J. Hännikäinen, J. Vanhala T. Pola, 2013, "Thermal Performance Analysis of 13  

Heat Sink Materials Suitable for Wereable Electronics Applications", Science and  

Technology, vol. 3, no. 3, pp. 67-73. 

 

 



Physical properties of ZrC/Al2O3 imbedded heat storage 

woven fabrics 

S J Kim
1
, M K Song

2
 , K O Seo

3
 and H.A Kim

4 
1Yeungnam Univ, Dept. of Textile Eng. and Technology, 280, Daehak-ro, Gyeongsan-

si, Gyeongsangbuk-do, Korea 
2KTDI Korea Textile Development Institute, 136, Gukchaebosang-ro, Seo-gu, Daegu, 

Korea 
3Briztex Ltd. Co., 104, Seongseoseo-ro, Dalseo-gu, Daegu, Korea 
4Korea Research Institute for Fashion Industry, Daegu, Korea 
 

Email: sjkim@ynu.ac.kr 

 
Abstract. This study investigated different physical properties of ZrC/Al2O3 imbedded heat 

storage woven fabrics. ZrC and Al2O3 imbedded heat storage PET filaments were spun on the 

pilot spinning equipment, respectively. Various physical properties of ceramic imbedded 

fabrics made of ZrC and Al2O3 imbedded filaments were measured and compared with those of 

the regular PET woven fabric. The surface temperatures of the ZrC and Al2O3 imbedded fabrics 

were higher than that of the regular fabric. Water absorption rate of ceramic imbedded fabrics 

was better than that of the regular fabric and drying property was inferior to that of regular 

fabric. Breathability by water vapour resistance(Ref) of ZrC imbedded fabric was superior to 

that of regular fabric. Heat keepability rates of the ceramic imbedded fabrics were higher than 

that of the regular fabrics, which revealed a good heat storage property of the ZrC/Al2O3 

imbedded fabrics. 

 

1. Introduction 

Recently, much attention has been focused on the interactions between textile products and far-

infrared radiation emitted from ceramic. Ceramic-imbedded yarn manufacturing technology is one of 

the positive methods for achieving warmth keepability of the textile materials using heat storage 

method by far-infrared radiation. There are many commercialized inorganic ceramics imbedded heat 

storage textile goods. Solar-α by Unitica is a heat storage fiber imbedded with ZrC. Kuraray, 

Mitsubishi-rayon and Kanebo in Japan developed heat storage filaments using ZrC applicable to 

bedding textiles. Despite many fiber manufacturing companies providing some technical information 

as a commercial base, various physical properties including heat storage property of the ceramic-

imbedded woven fabrics were less known because of confidentiality. The wavelengths from 6 to 14µm 

is defined as the far-infrared region. ZrC, a kind of ceramic material, imbedded in the yarn emits far-

infrared radition[1]. The earlier studies [1]~[5] related to the inorganic imbedded textiles were focused 

on ZrC-imbedded PET fabrics. Furuta et al[2] investigated the moisture permeability of a heat storage 

fabric using ZrC-imbedded PET. They confirmed the increase in moisture permeability of ZrC-

imbedded PET fabrics. Similar study was carried out by Bahng et al[5], who developed heat-

generating fibers by imbedding ceramic powder. They also reported quick perspiration absorption and 

fast dry properties of this ceramic-imbedded fabric. The far-infrared emission characteristics of 

germanium-imbedded woven fabrics and ZrC imbedded knitted fabrics were examined by Kim et 

al[1,3]. On the other hand, Shim et al[4] studied the heat-insulating water vapour permeable property 



of the warm-up suit with good thermal performance by applying ceramic powders. Most of the 

investigations about ceramic-imbedded textiles up to now were carried out on the ZrC imbedded 

textiles. This study investigated the physical properties of ZrC/Al2O3 imbedded heat storage woven 

fabrics. For this purpose, ZrC and Al2O3 imbedded heat storage PET filaments were spun on the 

composite spinning machine, respectively. ZrC and Al2O3 imbedded PET woven fabrics were also 

prepared and their physical properties were measured and compared with those of the regular PET 

woven fabric. 

 

2. Experimental 

2.1. Specimen preparation 

Master batch chip was first made using compounding equipment(SM Platek, Korea). Particle size 

distributions of ZrC, Al2O3 and graphite were assessed using hydro 2000S(Malvem, UK). Particle 

sizes of these ceramic particles used in master batch manufacturing apparatus were ranged between  

0.5 and 0.6µm, which was filtered using a mesh ranged 600 to 800 nm. Table 1 shows the 

specification of the master batch. 

Table 1. Specification of the master batch 

 Al2O3 ZrC Graphite 

Content(%) 10 10 5 

Uniformity 0.564 0.548 - 

Intrinsic viscosity 0.542 0.535 0.637 

 

ZrC and Al2O3 imbedded PET filaments were spun using master batch chip on pilot spinning machine, 

respectively. Two kinds of 75d/24f PET yarns were prepared using master batch chips mixed with 

0.8wt% Al2O3 and 0.2wt% graphite, and mixed with 0.3wt% ZrC and 0.1wt% graphite, respectively. 

Mixing ratio of PET polymer is shown in Table 2. Spinning was carried out on the pilot melt spinning 

equipment MS lab m/c(TMT co. Ltd, Japan), which was shown in Figure 1. 

Table 2. Mixing ratio of PET polymer 

 
PET 

(kg) 

Chip 

(kg) 

Al2O3 

(%) 

Graphite 

(%) 

ZrC 

(%) 

Graphite 

(%) 

Al2O3 imbedded PET 455 50 0.8 0.2 - - 

ZrC imbedded PET 455 50 - - 0.3 0.1 

 

  

Figure 1. Pilot melt spinning machine Figure 2. Schematic diagram of light heat 

emission apparatus 



 Three kinds of fabrics were woven using nylon 70d in the warp with 3 kinds of weft yarns such as 2 

kinds of ceramics imbedded yarns and regular PET yarn. Table 3 presents the fabrics specimens.   

Table 3. Fabric specimens 

Specimen 
Yarn count(d) 

Fabric density 

(ends, picks/in) Remarks 

Wp Wf Wp Wf 

1 70Nylon 75 PET Al2O3 imbedded 160 90 • Dyeing temp. →100℃ 

• Tenter temp. →175℃ 
2 70Nylon 75 PET ZrC imbedded 160 90 

3 70Nylon 75 PET regular 160 90 

 

2.2. Measurement 

Various physical properties of ceramics imbedded fabrics such as light emission, breathability, heat 

keepability rate, water absorption property including ingredient analysis(EDS) and SEM image were 

measured and compared with regular PET fabrics. Ingredient analysis of ceramic-imbedded yarn 

specimens was carried out by EDS.(JEOL LV 8500, Japan). Thermal radiation measurement by light 

emission was performed using light heat emission apparatus(UL chemical, Korea) Figure 2 shows this 

apparatus. Heat keepability rate(Ⅰ) was measured using KES-F7 at 22±1℃ and 70±5% R.H., and was 

calculated using equation (1) 

 Ⅰ = (1 −
𝑏

𝑎
) × 100 (1) 

where, a: the heat emanated from the test plate(W) 

b: the heat emanated from the specimen mounted(W) 

 

The moisture absorption of the specimens was measured using the Bireck method(KSK 0815). The 

one end of strip specimen of 20×2.5 was dipped in distilled water of 27±2℃, the wicking length(mm) 

after 30 min was assessed. The drying rate was assessed using a measuring device(INTEC. Co. Ltd, 

Japan) according to KSK 0815A. The specimen of 40×40cm dipped in a water bath of 27±2℃ was 

taken out from the bath. The specimen was hung on the measuring device after observing no water 

drops and the time until natural drying was measured using a sensor in the apparatus.  

 

   

Figure 3. Wicking measurement 

apparatus used in this study 

Figure 4. Drying rate measurement 

apparatus used in this study 

Figure 5. KS K 0594 

(CaCl2 method) 

 

Figure 3 and 4 show these wicking and drying apparatus, respectively. The water vapour transmission 

rate was measured according to KSK 0594. Figure 5 shows schematic diagram of this method. A cup 

containing calcium chloride of 33gr was covered with a specimen of 7cm diameter. The calcium 

chloride height in the cup was 22mm, the gap between specimen and surface of calcium chloride was 



3mm and the specimen was placed in a controlled environment of 40±2℃ and 90±5% relative 

humidity. Specimen mass(m1) was measured after 1 hour and then specimen mass(m2) was measured 

under the conditions of 20±1℃ and 65±5℃ relative humidity. The water vapour transmission rate was 

calculated using eq.(2) 

 P = 10 × (𝑚2 − 𝑚1)/S (2) 

where, P : water vapour transmission rate(g/m2∙h) 

m2 – m1 : change of the specimen weight(mg) 

S : area of specimen(cm2) 

 

The measurement of moisture vapour resistance using a sweating guarded hot plate was performed by 

ISO 11092 method. The total moisture vapour resistance(Re,t) of the specimen and air layer was 

determined by eq.(3) from the measurement of the evaporative heat loss. 

 𝑅𝑒,𝑡  = 
(𝑃𝑠−𝑃𝑎)𝐴

𝐻
 (3) 

where, Re,t : total resistance to evaporative heat transfer provided 

by the fabric system and air layer(m2PaW-1) 

A : area of the plate test section(m2) 

Ps : water vapour pressure at the plate surface(Pa) 

Pa : water vapour pressure in the air(Pa) 

H : power input(W) 

 

Intrinsic moisture vapour resistance(Re,f) of the fabric was calculated by eq.(4). 

 𝑅𝑒,𝑓 = 𝑅𝑒,𝑡 −  𝑅𝑒,𝑎 (4) 

where, Re,f : resistance to evaporative heat transfer provided by the fabric 

Re,a : resistance value measured for the air layer and liquid barrier 

 

3. Results and Discussion 

3.1. Ingredient Analysis of ZrC/Al2O3 Imbedded Fabrics 

Figure 6(a) and (b) present the results of ingredient analysis of ZrC and Al2O3 imbedded woven 

fabrics, respectively. As shown in Figure 6(a) and (b), Al and Zr ingredients were shown. Figure 7 (a) 

and (b) show white spots on the yarn cross-section in the SEM image of the ceramic imbedded 

specimens. The black spots in the Figure 7(a) were assumed to be ZrC, and the grey spots in the 

Figure 7(b) appeared to be Al compounds. Figure 8 shows particle size distribution of the ZrC and 

Al2O3. It was shown that the particle size distribution of the ZrC was narrower than that of Al2O3, and 

particle size of ZrC was smaller than that of Al2O3. 

 

  
(a) Al2O3 imbedded fabric (b) ZrC imbedded fabric 

Figure 6. Ingredient analysis of the fabric specimens 

 



  
(a) Al2O3 imbedded fabric (b) ZrC imbedded fabric 

Figure 7. Image of the ceramic imbedded fabric by SEM 

 

  
Figure 8. Particle size distribution of the ZrC and Al2O3 

 

3.2. Heat storage characteristics 

Figure 9 shows light heat emission diagram of the fabric specimens. As shown in Figure 9, heat 

emission temperatures of the ZrC and Al2O3 imbedded fabrics were higher than that of the regular PET 

fabrics. As shown in Figure 9(a), the surface temperatures of the Al2O3 and ZrC imbedded fabrics 

were higher than that of the regular fabric, and similar trend was shown in Figure 9(b), which was 

surface temperature from 45cm distance apart. This phenomena were assumed to be caused by heat 

emission from absorption or accumulation of far-infrared as the Al2O3 or ZrC in the yarn receive light.  

Table 4 shows the physical properties related to the clothing comfort of the fabric specimens. 

 

  
(a) 30cm distance (b) 45cm distance 

Figure 9. Light heat emission diagram of specimens 

 

Table 4. Physical properties of the fabric specimens 

Experimental items Al2O3 ZrC Specimen 3 

Breathability(g/m2∙h) 385 352 421 

Ret(m
2Pa/W) 63.5 37.2 55.3 

Wicking(mm) 15 41 3 

Drying(min) 90 75 50 



Heat keepability rate(%) 44.5 44.3 21.5 

 

As shown in Table 4, the breathability(CaCl2 method) of the Al2O3 /ZrC imbedded fabrics were lower 

than that of the regular PET fabric, which was attributed to prevent the heat particles form heat 

emission by far-infrared from moving moisture vapour. By the way, breathability by Ret of ZrC 

imbedded fabric was better than that of regular PET fabric. Wicking property of the ZrC or Al2O3 

imbedded fabrics was better than that of regular PET fabric. This was assumed to be attributed to the 

fast drying of absorbed moisture in the yarn by heat particles generated from the far-infrared radiation 

by ceramics in the yarn. However, This result was contrary to previous study[1]. Drying property of 

the ZrC and Al2O3 imbedded fabrics was not better than that of the regular PET fabric, which showed 

a different results to previous researches carried out by Bahng et al.[5] and Kim[1].  Heat keepability 

rates of the ceramic imbedded fabrics were higher than that of the regular PET fabric, which was 

caused by far-infrared emitted from ceramics i.e. which gives it heat generating and storage properties. 

Similar results were reported by Shim et al.[4]  This result revealed a good heat storage property of the 

Al2O3/ZrC imbedded fabrics.  

 

4. Conclusion 

Summarizing this study, the surface temperatures of the Al2O3 and ZrC imbedded fabrics were higher 

than that of the regular fabric, which was assumed to be caused by heat emission from absorption or 

accumulation of far-infrared from Al2O3 and ZrC. Wicking property of ZrC or Al2O3 imbedded fabrics 

was better than that of the regular PET fabrics and drying property of these fabrics was not better than 

that of the regular fabric, which were different from the results of the previous papers. 

Breathability(Ret) of ZrC imbedded fabric by the ISO 11092 was better than that of regular fabric. 

Heat keepability rates of the ceramic imbedded fabrics were higher than that of the regular PET fabric, 

which revealed a good heat storage property of the Al2O3/ZrC imbedded fabrics. 
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Abstract. The objective of this work is to perform an in depth investigation of garment-based 

thermal energy harvesting. The effect of human and environmental factors on the working 

efficiency of a thermal energy harvesting devices, or a thermoelectric generator (TEG), placed 

on the body is explored.. Variables that strongly effect the response of the TEG are as follows: 

skin temperature, human motion or speed, body location, environmental conditions, and the 

textile properties surrounding the TEG. In this study, the use of textiles for managing thermal 

comfort of wearable technology and energy harvesting are defined. By varying the stitch length 

and/or knit structure, one can manipulate the thermal conductivity of the garment in a specific 

location. Another method of improving TEG efficiency is through the use of a heat spreader, 

which increases the effective collection area of heat on the TEG hot side. Here we show the 

effect of a TEG on the thermal properties of a garment with regard to two knit stitches, jersey 

and 1 x 1 rib.   

 

1. Introduction 

Wearable technology is a rapidly growing consumer market that is a blend of the electronics industry 

and the textiles industry. Most research in wearable technology is dedicated to each industry 

separately.  However, its success depends on the cooperation of two these well established markets. As 

such, it is of critical importance to understand the effect an electrical device has on a textile and vice 

versa. This work studies the interaction between a thermal energy harvesting device and the knit that 

immediately surrounds the device.  

 One limitation of current wearable devices is power sources and management. Batteries are bulky 

and heavy and a wired power supply limits the usefulness of the device. Thus, researchers and industry 

look to energy harvesting as the primary source of power for wearable technology. Energy harvesting 

appears in multiple forms, thermoelectric energy harvesting, kinetic (piezoelectric) energy harvesting, 

strain (triboelectric) energy harvesting, and solar (photoelectric) energy harvesting are the most widely 

studied energy harvesting methods for wearable applications. In this work, we focus on thermoelectric 

energy harvesting devices as the electronic component of a garment.  

 Thermoelectric materials generate current when exposed to a temperature difference, Figure 1, or 

generate a temperature gradient when supplied with electrical current. This is due to material 



 

 

 

 

 

 

properties that result in two thermodynamic effects known as the Seebeck effect and the Joule effect. 

Thermoelectric materials are classified by their respective ZT values, which is a function of the 

inverse correlation between thermal and electrical conductivity. Optimizing a thermoelectric material 

results in a material paradox as thermal and electrical conductivity are generally directly correlated. 

Applying a thermoelectric energy generator (TEG) to the body surface utilizes the heat flux away from 

the body to generate power. 

 For a TEG to produce enough power for an electronic device, one must increase the temperature 

difference across the hot and cold sides of the TEG. One issue with wearable thermal energy 

harvesting is the small temperature difference between human skin and ambient air. Textile properties 

such as wicking and garment fit exaggerate this effect. Leonov et al [1–3] reported a localized 

sensation of skin cooling when the heat flux from the skin reached 15 – 25 mW cm-2. This cooling 

sensation can be uncomfortable and adversely affect thermal power generation. Thus, the material 

surrounding the TEG should have insulative properties that maintain a temperature difference across 

the TEG without compromising the comfort of the garment. 

 Currently, TEGs integrated into commercial textiles as examples of wearable energy harvesting are 

simply added to the existing garment without taking textile factors into consideration.  Much research 

focuses improving thermal energy harvesting by improving TEG design or materials. Rather than try 

to optimize a TEG to operate in a certain textile or garment, we look at manipulating the textile with 

regard to a specific TEG and study the thermal effects of a TEG on a textile. Due to the large and 

dynamic range of environmental conditions that the TEG device will be exposed to, the textile needs 

either to adapt to the new environment or be designed to provide comfort in a variety of ambient 

conditions. One method to do this is by dictating knit structure placement in garments.  

 
Figure 1. Schematic of a thermal energy harvesting device as worn on the body. It is shown integrated 

in a thermal energy harvesting shirt, where the harvested energy is used to power a wearable device.  

 

     

2. Experimental Methods 

In this work, the thermal distribution in a garment induced by the addition a TEG is verified using 

finite element simulation and experimental data. For the finite element simulation, a CAD model of 

both a jersey and a 1x1 rib knit structure are imported into ANSYS FLUENT, a finite element analysis 

software for fluid flow and heat transfer, to model heat flux as it moves away from the body and 

through the textile. Experimental data is generated by a controlled laboratory experiment using 

thermal imaging measurements and a human trial experiment. The computational results match the 

results thermal imaging experiments verifying the accuracy of the model and enabling the design of a 

TEG shirt, Figure 1, to be used in the human trials.   

 The controlled experiment consists of placing a 120 mm by 60 mm swatch of knit fabric on a hot 

plate set to average skin temperature, 37 °C. [4] Two knit stitches, jersey and rib, are compared by 

knitting swatches, cutting a hole for TEG insertion into the swatch, and using a FLIR thermal imaging 

camera to monitor the surface temperature chance over time. The samples are placed on a room 



 

 

 

 

 

 

temperature surface that then heats to 37 °C. The sample remains with 37 °C input for 5 min before 

removal. The hot plate is allowed to cool between each trial. 

 The knit swatches are modelled in detail using Solidworks software, Figure 2a. However, after 

importing the model to ANSYS for analysis, processing time increased significantly. So for the 

computational analysis, the swatches are considered porous substrates with thermal and geometric data 

acquired from the fabricated swatches. The heat transfer simulation constraints and boundaries are set 

to mimic those specified in the experimental trials. In the simulations, we assume the TEG to be a 

solid material component of bismuth-telluride. A heat source is modelled with a total heat generation 

of 1 W m-3. Stagnant air at room temperature defines the simulation environment.  

 The information from the previous experiments guides the knit design of the shirt. To reduce 

knitting production errors, only jersey and rib, structures are used in the design. For example, the 

sleeves of the shirt are constructed with a 1x1 rib knit that provides more insulation surrounding the 

TEG and supplies increased mechanical support via compression. The knit structure of the shirt is 

designed in Apex3 software and knit on a 15G Shima Seiki Mach 2XS Whole Garment machine. The 

shirt is knit with 3 ends of 2-ply 140 den. polyester Repreve yarn. Then, a TEG is integrated into the 

knit so that the body serves as the heat source and heat flux is normal to the skin. At the site of each 

TEG is a circuit board to measure movement and temperature conditions immediately surrounding the 

TEG.  

  The addition of the TEG and electronic components disturb the traditional heat transfer model 

away from the skin by adding additional sources of heat (electronic components) and thermal 

resistances. A new heat flux model that accounts for these differences is calculated so the knit shirt 

may be designed to mitigate any thermal disruption via changes in knit structure or stitch length.  

 

3. Results and Discussion 

The renderings of each knit structure are seen in Figures 2a and 2d. ANSYS was unable to mesh the 

detailed geometries due to processing constraints. The knit swatches for the thermal imaging 

experiment define the material properties for the simulation. The simplified porous model for the 

jersey knit is imported with a thickness of 1 mm and of 2.75 mm for the rib knit. The density of the 

jersey sample is 0.2016 g cm-3 as found by weighing a 1 cm by 1 cm square and then dividing by the 

thickness. The density of the rib sample is 0.0826 g cm-3.  The thermal conductivity of polyester is 

defined as 0.24 W m-1 K-1 where the effective thermal conductivity due to the porous structure is 

accounted for by stating the porosity. The porosity of the knits are 0.16 and 0.27 for the jersey and rib 

structures, respectively. The TEG is included in the analysis as a solid thermal resistance block. An 

equivalent hole is cut in the textile model to accommodate the TEG block. The ANSYS simulation 

models the temperature distribution throughout the textile with a 1 W m-3 heat generation input at the 

base of the textile to simulate heat flux away from the skin.  

 The results of the heat transfer modelling are seen in Figures 2c and 2f as compared to the same 

temperature color scale. There is a significant difference in temperature distribution noted between the 

two knit simulations. The jersey knit, Figure 2c, has an even temperature across the textile with no 

apparent disturbance induced by the addition of the TEG. However, the rib knit, Figure 2f, shows a 

thermal gradient both across and through the textile as well as a lower surface temperature. There is 

additional thermal disturbance surrounding the TEG that indicates the creation of a thermal interface.  

 The temperature distribution seen in the simulation is verified via experimental thermal imaging 

data, seen in Figures 2b and 2e. A 9 mm by 9 mm square is cut in the knit swatches for TEG insertion. 

After the heat source reaches 37 °C, the system is allowed reach a thermal steady state. The thermal 

images confirm the results of the ANSYS simulation. There is a uniform temperature distribution 

across the jersey knit, while the rib knit shows more variation. As before, the surface temperature of 

the rib knit is lower than that of the jersey knit due to differences in density and porosity.  

 



 

 

 

 

 

 

 
 

Figure 2. a) Solidworks rendering of a jersey knit structure b) Steady state infrared image of the jersey 

knit surface with an integrated TEG c) Predicted temperature distribution across the jersey textile 

surface from the ANSYS model d) Solidworks rendering of a rib knit structure e) Steady state infrared 

image of the rib knit surface with an integrated TEG f) Predicted temperature distribution across the 

rib textile surface from the ANSYS model 

 

 The results of the simulation and thermal imaging experiments dictate the design of the thermal 

energy harvesting shirt. The shirt, seen in Figure 3, has four TEGs integrated at the following 

locations: wrist, upper arm, chest and back. At each of these locations, the knit properties need to be 

specified to help maintain the temperature difference across the TEG. For this shirt, the rib structure is 

used as the insulating knit surrounding the TEG and the jersey structure makes up the remainder of the 

shirt. A heat spreader is added to the interface between the TEG and skin. Its purpose is to increase the 

heat flow from the body to the TEG. The heat spreader is a Ni/Cu coated taffeta that is laminated onto 

the knit using thermoplastic polyurethane (TPU).  

 

 
Figure 3. a) The TEG shirt as knit with specified structures b) The heat spreader after lamination onto 

the shirt where the TEG will be located c) The surface of the integrated TEG surrounded by the 1 x 1 

rib knit. 

  

4. Conclusion 

To maintain a temperature difference across a TEG for energy harvesting purposes, the textile must act 

as a thermal insulator. This can be achieved by changing the knit structure surrounding the TEG or by 

a) 

d) 

b) 

e) 

c) 

f) 

a) 
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using a different yarn. The goal of this textile manipulation is to lower the thermal conductivity by 

changing the knit density and porosity. When comparing a jersey knit and a 1 x 1 rib knit, the 

difference in porosity and density show a significant effect on the temperature distribution across the 

surface of the textile. The 1 x 1 rib knit has a higher porosity and thus is better suited for insulating 

purposes. This is confirmed by using ANSYS simulations and thermal imaging data to study the 

thermal disturbance in the textile with a heat generation input of 1 W m-3 at the base of the textile-TEG 

system. The addition of a heat spreader increases the heat flux through the TEG, improving the power 

output. In future studies, conductive yarn will be integrated directly into the shirt to act as the heat 

spreader.  
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Abstract. In recent years smart textiles have gained a significant increase of attention. 
Electrotherapeutic socks, light emitting dresses or shirts with integrated sensors, having the 
ability to process data of vital parameters, are just a few examples and the full potential is not 
yet exhausted: Smart textiles are not only used for clothing purposes. Sensors for the care of the 
elderly, light applications for home textiles and monitoring systems in the automotive section 
are promising fields for the future. For all these electrical and electronic features, the supply of 
power is needed. The most common used power supplies, however, are not flexible, often not 
lightweight and therefore a huge problem for the integration into textile products. In recent 
projects, textile-based batteries are being developed. Metal-coated fabrics and yarns (e.g. silver, 
copper, nickel, zinc) as well as carbon based materials were used to create textile based energy 
sources. This article gives an overview of textile based electrochemical cells by combining 
different conductive yarns and a gel-electrolyte. The available materials will be processed by 
embroidering utilizing tailored fiber placement (TFP). The electrical characteristics of different 
embroidered patterns and material combinations are examined. 

1.  Introduction 
The interests in smart textiles has increased significantly in the past years and attracted textile designers 
and technologists in equal measure. Since most of the developed products contain electronic 
components, they will need a reliable energy source. 

Typical energy sources are common rigid batteries or capacitors, as we know for standard electronic 
devices. Integrating those hard and nonelastic parts into textile fabrics, however, results in the loss of 
comfort and textile properties. To maintain the drapability, bendability and haptics of those products, 
several approaches have been made do develop flexible, textile-based energy sources, like capacitors, 
pseudo-capacitors and also batteries [1]. Batteries and capacitors can be developed directly on textile 
substrates by coated layer systems [2] and further be integrated into woven or knitted fabrics in the shape 
of fibers [3-5]. Early approaches have been made with materials similar to common rigid batteries, such 
as lithium-iron-phosphate and lithium titanate [5]. The approach of using silver electrodes, combined 
with PEDOT as electrolyte material, is also promising to produce rechargeable batteries [6]. Other 
researchers pointed out the advantage of carbon nanotubes as electrode material [7]. 



 
 
 
 
 
 

However, such textile based batteries usually are not able to match the required energy density and 
durability as commonly used batteries. Another known problem is the poor reproducibility and 
reliability of the resulting batteries. Therefore the dependency of electrode material as copper, silver and 
carbon and the amount of iodine-triiodide as electrolyte have been investigated in the past [8]. This 
report focuses on creating fiber-based batteries via tailored fiber placement to improve the 
reproducibility. With defined patterns and adjustable parameters, we work on reproducibility and further 
optimization of 2D and 3D textile batteries. 

2.  Experimental 

2.1.  Material overview 
The developed batteries consist of two electrodes from different materials and an electrolyte layer across 
the embroidered yarns. The terminal voltage can be estimated by the redox potential of the two electrode 
materials. Examples of the potential of materials are E0,Cu = 0.34 V for copper, E0,Ag= 0.79 V for silver 
and E0,Ni = -0.23 V for nickel. Two electrodes in combination with an electrolyte results in a redox 
reaction, where the negative terminal (anode) releases ions and the positive terminal (cathode) receiving 
ions in the process, resulting in a potential difference and an electrical current, if the terminals are 
connected. The higher the difference of the potentials, the higher the voltage.  

Experiments have shown that carbon material is also a well functional partner in combination with 
copper and silver electrodes. However, carbon does not take place in the redox reaction itself, instead 
will act as a pick-up electrode for the reaction between the electrode and electrolyte material [9]. In this 
research, nickel-, copper- and silver-coated P-phenylene-2,6-benzobisoxazole (PBO) yarns Z-166 with 
a twist of 4.5 per inch (AmberStrand® by Syscom Advanced Materials Inc.) as well as a carbon yarn, 
Sigrafil C SBY 70 (Gruschwitz) are utilized. As electrolyte material, iodine-triiodide (KI3), also known 
as Lugol’s solution, with 1 % free iodine (Gatt-Koller) is used. 

2.2.  Pattern development 
Three different patterns have been designed to process the electrode yarns of the battery. The first pattern 
consists of two parallel cornering lines, with a distance of 2 mm to each other. The proportions of the 
battery cell are 5.1 cm in width and 5.6 cm in height. The two following samples are designed with 
meandering lines, of which the first consists of two long parallel lines, yet again with a distance of 2 
mm. The dimensions of this pattern are 4.9 cm in width and 5.5 cm in height. 

The second meandering pattern consists of 8 pairs of parallel lines, again with a distance of 2 mm 
between the two materials in one repetition. The next repetitive pair of lines is placed 7 mm next to the 
previous one. The dimensions of this pattern are 5.6 cm in width and 5.5 in height. The patterns are 
displayed in Fig. 1.  

The patterns have been designed and prepared for the embroidery machine, to process the yarns 
through the technology of tailored fiber placement, as described in the next paragraph. The stitching 
length has been set to 1 mm, due to the small size of the batteries as well as for the stability in the curves, 
to prevent skipped stitches, causing an overlay of yarns, which would result in a short. 

 
 
 
 
 
 
 
 
 

Figure 1. Different battery designs: a) sample with 2 parallel cornering lines, b) sample with 2 parallel 
meandering lines, c) sample with 8 pairs of meandering lines 

a) b) c) 



 
 
 
 
 
 

2.3.  Electrode processing 
The patterns are fabricated with a ZSK technical embroidery system with a special single needle 
embroidery head (W-head). TFP is an excellent method for a reproducible and automated embroidering 
process with gentle treatment of the positioned functional material. The conductive yarns are supplied 
and placed by a wire and fiber system with a thread guiding element and sewn onto the carrier material 
with a double lockstitch. The carrier material is fixed and moved by a mechanical clamping frame. 
 Various parameters can be configured to ensure the quality of the seam pattern and stability of the 
applied conductive material. The parameters can be adjusted in small steps of 1/10 mm. This includes 
the movement of the frame in x- and y-direction during the embroidering process, resulting in a more or 
less broad zigzag stitch pattern, as well as the swing of the thread guiding system to ensure a safe 
application of the threads, without damaging and stressing the yarn material during stitching and 
preventing it from fraying. 
 

 
Figure 2. W-head and thread guiding system of embroidering machine for tailored fiber placement  

 
Four different yarns are available for creating the electrodes: nickel-, copper- and silver-coated PBO 
yarn and a carbon yarn. Combining these materials and the three developed battery patterns, 18 different 
batteries can be created. Table 1 depicts the possible combinations used for the production of the battery 
electrodes. Finished samples of the embroidered nickel/copper and copper/silver electrodes are 
displayed in Fig. 5. 
 

Table 1. Material combinations 

 
 
 
 
 
 
 
 
 
 
 

Material combination for 
textile batteries 
Nickel / Copper 
Copper / Silver 
Silver / Carbon 
Carbon/ Nickel 
Nickel / Silver 

Copper/ Carbon 



 
 
 
 
 
 

 
Figure 3. Finished samples of embroidered samples with conductive threads realized with TFP 

2.4.  Electrolyte layer 
As electrolyte, iodine-triiodide (KI3) has been used in the form of a mixture of iodine and potassium 
iodide in aqueous solution. KI3 has been proven to be more efficient, as well as more skin- and 
environment friendly than metal salts, such as copper sulphate or nickel sulphate [10]. 
 This electrolyte needs to be applied in a gel form to avoid evaporation and drying, which would result 
in a reduced ion conductivity of the electrolyte. For the gel-electrodes, commercially available gelatine 
has been mixed with approx. 25 ml of water and left 15 minutes for swelling, afterwards, mixed with 
180 ml of water and 20 ml of aqueous solution of KI3 and slowly heated, until the gelatine was 
completely dissolved. Instead of a magnetic stirrer, a stirring rod has been used for mixing to prevent 
air bubbles in the gelled solution.  
 After a time of pre-polymerization, the electrolyte has been reheated to liquefy it again and poured 
onto the textile electrodes. Subsequently, the current and voltage of the produced batteries are measured. 

3.  Results and discussion 
It can be clearly seen that the open circuit voltages as well as the short circuit currents differ greatly 
along the chosen electrode materials and the embroidery pattern. Fig. 4 depicts the measured values of 
these samples. 

 

 

The nickel copper electrode combination shows some terminal voltage, but does not deliver any current. 
During the discharge of the battery, nickel is deposited onto the copper electrode forming a surface alloy, 
which withstand further redox processes. The same is visible for silver/nickel combinations. 
Surprisingly, the effect is less visible in the copper/silver cell. In this case, copper is dissolved and could 

Figure 4. Measurements of open-circuit voltage (mV) and short-circuit current (µA) for all material 
combinations and 3 battery patterns with warm, liquid gelatine electrolyte 



 
 
 
 
 
 

be deposited onto the silver electrode, but due to the lesser solubility of copper iodide compared to nickel 
iodide, it may precipitate on the anode. However, this should also limit the delivered current.  
 In the carbon based cells a different mechanism can be proposed: The electrochemical iodine/iodide 
equilibrium is realized on the carbon electrode. Iodine oxidizes the metal electrode, leading to a release 
of electrons. However, this model is similar to processes in redox flow batteries, except the flowing 
electrolyte and the lack of a separator. Therefore, the role of the separator is realized by the gel 
electrolyte to some extent, inhibiting some ion diffusion, which would otherwise force the redox reaction 
completely to take place at the metal surface without external electron flow. The inhibition of iodine 
migration in the form of I3

- has probably the highest contribution to the current delivery of such a system. 
The higher currents of copper based systems compared to nickel based ones cannot be explained by the 
given data. Due to the less solubility of copper iodide compared to nickel iodide the opposite effect 
should be expected. Further investigations are necessary to explain the precipitation behaviour.  
 It is difficult to interpret the data of the silver carbon combination of electrodes, since the silver 
electrode is prone to precipitation of silver iodine due to the abundance of iodine ions in the electrolyte. 
This would render the whole system reasonable static. What is seen in the data can possibly be evoked 
by the diffusion controlled build-up of silver iodide on the electrode. 
 Differences of the output current due to different embroidery patterns are probable since a diffusion 
controlled mechanism is proposed for the carbon based cells. Since the migration of iodine needs to be 
mitigated in that model, patterns exhibiting a larger distance between the electrodes might deliver higher 
initial currents. However, time dependent measurement were not conducted in this work, but may give 
further insight in this proposed model.  
 The data gives some indication, that pattern b) leads to higher current which would be consistent to 
the model, because the electrode filaments each form almost closed areas bridged by a larger amount of 
electrolyte to the other electrode. Pattern a) does not show these areas, since the filaments are 
embroidered in straight lines resulting in smaller electrode bridges.  
 Additionally, the yarns were impregnated by liquid KI3 after embroidery. Immediately, the values 
increased significantly as depicted in Fig. 5. 
 

 

The measured data shows a significant increase of short circuit currents and terminal voltages. The latter 
is obvious since the concentration of the oxidizer is locally increased. The potential of cells based on 
carbon yarns and yarns from metals corresponding to insoluble iodine salts should follow a simple 
Nernst equation 

E = E0 +
RT
zF

ln �
[𝐼𝐼2]
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Figure 5. Measurements of open-circuit voltage (mV) and short-circuit current (µA) for all material 
combinations and 3 battery patterns after addition of drops of KI3 



 
 
 
 
 
 

because the precipitated metal iodide and the metal itself do not contribute to the potential. Therefore, 
an increase of the iodine concentration in the vicinity of the metal electrode should lead to an increased 
terminal voltage. Copper/silver combinations do not take advantage of this treatment since both 
electrodes are susceptible to iodide precipitation. However, nickel/silver combinations also exhibit an 
increased terminal voltage. The short circuit currents are also increased. The relative amount of current 
between the carbon based cell-types remains roughly constant, but the silver carbon combination shows 
a different variation along the embroidery pattern, in this case pattern b) gives lower results. For further 
insights in that issue, time dependent discharge curves need to be recorded.  

4.  Conclusion 
To conclude, it is shown that textile batteries can be created using metal coated yarns as electrodes, 
especially in combination with carbon yarns. As electrolyte, iodine-triiodide can be used in gelled and 
liquid form. Gelling this electrolyte results in a flexible surface for textile applications, which can be 
used for short times. However, the long term stability has to be further investigated. 
 The Iodine/iodide electrolyte leads to a complex redox systems, especially because the lacking of a 
separator which makes such cells difficult to understand and to optimize. Future research will focus on 
further electrolyte materials and different electrode materials to achieve a more stable and efficient 
power generation. For long-term stability, either encapsulation or addition of stabilizing agents has to 
be investigated. 
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Abstract. The aim of the study was to present a new DAid R©Pressure Sock System for feet
locomotion monitoring and to verify it’s temporal characteristics by data comparison with the
same obtained by two other widely used methods as reference. Designed system is based on
sensors which can be knitted directly in the garment or hosiery items. DAid R©Pressure Sock
System was created for sport and medical applications. Comparison of temporal characteristics
of different types of locomotion, obtained using designed system and reference devises, showed
good agreement between data.

1. Introduction
On-line monitoring of feet locomotion is important problem in both sport and medical
applications, such as foot injury prevention and foot training, prediction of diabetic ulceration
and sport coaching. It is evidently that such monitoring systems should be mobile, wireless and
light in its weight, do not cause any discomfort.

Many research groups are working now on the development of effective feet locomotion control
systems. For example, athletic plantar pressure analysis was used to improve sport achievements,
providing a tool for soccer balance training and forefoot loading during running [1]

A variety of plantar pressure measurement and gate control systems are available now in the
market or in the research laboratories. In general, there are two main types of devices: platform
systems and in-shoe systems. Platform systems are usually embedded in a walkway. The typical
commercial product is EMED-SF floor mounted capacitance transducer matrix platform (Novel
USA, Inc.). It is frequently used in clinical studies of different foot pathologies and gait analysis
[2]. However, this kind of systems can be used only in a laboratory / hospital, and only for
barefoot measurements.

In-shoe systems, capable to record the plantar pressure distributions within a shoe, are much
more flexible. Commercial products include F-scan measurement system (Tekscan, Inc.) and
Novel pedar system (Novel USA, Inc.) that capture dynamic in-shoe temporal and spatial
pressure distributions, further utilized for assessment of gait stability and gate event analysis
[3]. However, both systems use electrical wires to connect in-shoe sensors and data acquisition



system around the waist, which is inconvenient for long-term use. Alongside, these systems are
not suitable for long-term outdoor measurements.

Other types of smart wireless insoles for gate and pressure control were proposed, as well
[4, 5]. As a rule, these systems are equipped with Bluetooth R©or similar data transmitting
device, and with an energy source. Despite of wide variety of such systems, all of them have one
common drawback these insoles form an additional elastic layer inside the shoe which thickness
can be up to several millimeters. Such layer can distort the real data of plantar loading of the
foot. In addition, these systems are comparatively expensive and inconvenient for daily use.

Abovementioned drawbacks can be overrun by using textile-based systems - such as socks
with integrated sensors (Smart socks). This approach was used to develop sock based systems
for temporal gate analysis in medical [6] and sport [7] applications, foot pressure control
during snowboard training [8] and plantar pressure detection to prevent foot ulceration [9].
Unfortunately, most of already developed versions of Smart socks are handmade or utilize
complicated manufacturing technology. A new sock-based feet locomotion monitoring system(
DAid R©Pressure Sock System) was proposed in [10]. Present paper is devoted to this system
further development and verification, particular, in sport applications.

2. System Design
DAid R©Pressure Sock System consists of sensor arrays distributed over the sole part of socks,
connected by conductive lines and custom-designed connector with electronic devices that collect
and transmit data from sensors to the data processing device (computer or smartphone) [10].

2.1. Pressure sensors
Embedded pressure sensors are originally designed piezo-resistive knitted structures, sensitive
to the pressure load. They can be knitted by the commercial knitting machines as elements of
design, thus being an integral part of the knitted garment or hosiery. The array of such sensors
may be easily adapted to the wide range of necessary patterns, shapes and dimensions. Figure
1 shows typical dependence of the sensor electrical resistance R on the applied pressure P.

Figure 1. Example of sensor characteristic (sensing field 7 cm2) [10].



2.2. Sensor sock
The array of pressure sensors was knitted in the sole part of socks together with electro -
conductive lines (Figure 2). In the present version of DAid R©Pressure Sock System, each sock
has five knitted sensors, placed in accord with the figure 2. Knitted conductive lines connect
sensors with the contact buttons mounted on the upper part of socks.

Figure 2. DAid R©Pressure Sock System [10].

2.3. Sensing circuit, data acquisition, processing and presentation
Developed version of acquisition system gives possibility to collect data from 6 pressure sensors
and transmit them via Bluetooth module to tablet computer or another compatible electronic
gadget. Figure 3 shows functional diagram of the acquisition and transition modules. All sensors
RXi were connected with one common point. A reference resistance R0 provided output voltage,
that corresponded to the plantar load from ”unloaded” with sportsman’s foot raised up to the
”full load”, when sportsman stand on one foot. Data acquisition and transmission to remote
electronic gadget was provided custom made electronic device capable to capture differential
voltage signal over 6 channels.

Figure 3. 6-channel data acquisition and transmitting device [10].

Data processing and presentation software was developed under LabView R©environment. The
software gives possibility to make time, frequency and correlation analysis as well as visualize
received data. The software application for tablet computer is shown in figure 4.

3. Methods
Validity and operation of the DAid R©Pressure Sock System was checked by tests made for
different walking/running patterns. Validation was made by comparison temporal data of
locomotion obtained by designed system with measurement results from two commercially
available reference devices used in laboratory conditions. The first one was the force platform



Figure 4. User interface of gate data acquisition software. A - DAQ mode, B - demo mode.

(BTS P-6000, Italy), sampling at 1000 Hz. The sensitive area of force plates was 60 x 40
cm, minimum height - 5.7 cm. Runners performed one successful running step over the force
plates at one time. Other method was optical system (OptoJump Next, Microgate, Italy). The
OptoJump Next system consists of 2 bars which can be placed on a treadmill. Each of these
contains 32 LEDs (light-emitting diodes), positioned 0.3 cm from the bottom of the bar at 3.12
cm intervals. The LEDs on the transmitting bar communicate continuously with those on the
receiving bar resistance then one used for the sensors

Three types of locomotion were analyzed: walking (only with the optical system, figure 5A),
race walking (figure 5B) and running (only with the optical system, figure 5C). Ground contact
time was defined as the time from when the foot contacts the ground to when the foot toes off
the ground (measured with force platforms). Step time was defined as the time from when one
foot contacts the ground to when the other foot contacts the ground (measured with optical
system). Participants performed repeated steps over the force plates and continuous activity
on motorized treadmill while measuring with the optical system. Both systems have previously
been shown to accurately determine these variables.

Descriptive statistics were calculated and Student’s t-test was performed to compare data.
All data were processed and calculated using RStudio [11]. ”Ggplot2” package to plot graphics

was used [12].

Figure 5. Three different types of locomotion. A - walking, B - race walking, C - running.



4. Results and Discussion
The Bland-Altman plot was used to determine agreement between methods. The mean difference
between step times was 0.0027s in walking (n=167, figure 3A), -0.0024s in race walking (n=252,
figure 3B) and -0.0013s in running (n=275, figure 3C). Graphical representation of difference
between Smart Socks and OptoJump is shown in figure 6.

Figure 6. The level of agreement plots (Bland-Altman) showing 95% limits of agreement
(dashed lines) between methods. Solid black line represents the mean bias between methods. A
- walking, B - race walking, C - running.

Coefficient of variation (CV) during walking was higher within values measured by Smart
socks (3.1%) compared to Optojump - 1.9%. While race walking CV was higher within values
measured by Smart socks (6.0%) compared to Optojump - 4.4%. During running CV was also
higher by Smart socks (7.2%) compared to Optojump (1.4%), see table 1. It could be partly
explained by artifacts. As the mean difference was close to zero, it shows that none of two
methods measured significantly (p>0.05) higher or lower step time values in any of three types
of locomotion.

Mean difference between ground contact times in race walking (n=89) was -0.017s. The
difference was statistically significant (p<0.01). The mean ground contact times were 0.281s
(Smart Socks) and 0.298s measured with force plates. The time of mean difference makes 5-6%
of the contact phase time.

So designed DAid R©Pressure Sock System an both reference devices showed practically equal
step times during three types of locomotion.

5. Conclusion and future work
Proposed textile based DAid R©Pressure Sock System gives adequate temporal data for different
types of feet locomotion. It is lightweight and mobile, do not disturb walkers and runners during
execution of exercises. So, potentially it can be used as a practical tool for sport applications.
Anyway, more data needed for deeper analysis. Also, durability tests of the system are planned.



Table 1. Descriptive statistics of collected data with DAid R©Pressure Sock System and
OptoJump.

Walking Race walking Running
Opto Sock Opto Sock Opto Sock

Mean 0.995 0.992 0.627 0.62 0.654 0.655
Median 0.993 0.99 0.631 0.629 0.655 0.634
Mode 0.991 0.991 0.631 0.631 0.661 0.625
SE 0.001 0.002 0.002 0.003 0.001 0.004
SD 0.019 0.031 0.027 0.037 0.009 0.047
CV (%) 1.9 3.1 4.4 6.0 1.4 7.2
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Abstract 

In this study, the different proportion of conductive component blended with polypropylene 

yarn were taken for making conductive textile samples for analysis of electromagnetic 

shielding effectiveness, fabric bending moment and air permeability. The ASTM D4935 

coaxial transmission line method was used to study the electromagnetic shielding. 

Electromagnetic shielding effectiveness of textile structures containing different percentage of 

metal content ranges from 1 to 50 dB at high frequency range. Breathability of structures, more 

precisely air permeability was considered as one of important parameters for designing of 

electromagnetic radiation protective fabrics for certain applications. The bending moment of 

samples is decreases with increasing metal component percent. 

1. Introduction 

Recently, the usage of electrical and electronic devices has grown rapidly. Many devices such as AC 

motors, digital computers, calculators, printers, modems, electronic typewriters, digital circuits, 

transmission lines, electronic home appliances including Wi-Fi routers and cellular phones are capable 

of emitting electromagnetic (EM) waves that can result in some electromagnetic interference (EMI) 

problems [1]. The EM spectrum contains an array of EM waves increasing in frequency from 

extremely low frequency and very low frequency, through radio frequency (RF) and microwaves to 

infrared (IR) light, visible light, ultraviolet (UV) light, X-rays and gamma rays [2]. Many devices 

contribute to such exposure such as cell phones with frequencies of 900 and 1800MHz, microwave 

ovens of 2450 MHz, radar signal communication systems extending from 1 to 10,000 MHz, and 

FM/AM radio broadcasts of 30-300 MHz and 300-3000 KHz, respectively [3]. The use of electronic 

equipment causes EM radiation, which can be harmful for the performance of electronic and electrical 

equipment and also for human health [4]. Therefore, it has become essential to shield against all 

interference sources of EM energy [5]. When an EM wave enters an organism, it causes heat to come 

out by vibrating the molecules.  The heat developed on the tissues is mainly a result of the Foucault 

currents flowing in the liquids of the cells. To prevent the negative effects of EM waves, shielding is 

necessary. EM shielding can be described as prevention of EM radiation transmission by a material 

[6]. 

Currently, many studies exist on EM shielding using conductive materials for textile fabrics. 

Incorporation of conductive fillers and fabric surface coatings are the two major methods to develop 

EMI shielding fabrics [7]. Conductive fabrics can also be made of 100% metal fibre yarns like 



stainless steel (SS), copper etc.; however, they are difficult to process. These types of yarns tend to 

have low flexibility due to high stiffness of metal fibres, which produces heavier and uncomfortable 

fabrics. To reduce this effect, totally metallic yarns are replaced by two component fibre blends, where 

conductive fibre represents one component and traditional fibre represents the second one to reduce 

the overall stiffness of the fabric and touch the properties of fabrics made of traditional fibres [8]. In 

this study, 25% of 12 µm diameter staple stainless steel fibers and 75 % of 12.5 µm diameter staple 

polyester fibres were used to produce needle punch nonwoven fabric. The EM shielding effectiveness 

(SE) results shows that 20 dB, 25dB and 45 dB was obtained at frequency range of 0-300 MHz, 300-

1200MHz and 200-3000MHz respectively [9]. Woven fabrics made of metal fibres (8 µm diameter 

staple stainless steel) mixed with traditional and high performance fibres shows EM SE higher than 35 

dB for frequency 1.5 GHz, which means that more than 99.9% of EM was attenuated [10,11]. 

The objective of this study is to investigate electromagnetic shielding ability of conductive textile 

samples based on different stainless steel component percentage in textile samples. Samples were 

tested for EMI SE, air permeability and bending moment as per the standards.  

2. Materials and methods 

The woven twill weave fabric samples were produced using hybrid yarn (H) of SS fiber blended with 

Polypropylene (PP) fiber in five different proportions are 1:99, 10:90, 20:80, 40:60 and 75:25 is shown 

in table 1. Both warp yarn and weft yarn used for producing woven fabric is having count of 50 Tex 

and stainless steel fiber used is 8 µm diameters. The gram per square meter of fabrics is tested as per 

ASTM D 3776 and thickness of the fabrics is tested as per ASTM D 1777; tested values are shown in 

table 1. The figure 1 shows the microscopic images of fabric samples at magnification of 50 times and 

1mm scale is marked in white to measure the actual size of the images.  

Table 1. Woven sample specification. 

Sample Code Sample details GSM Thickness (mm) 

H 1/99 Hybrid yarn 1% SS/ 99 % PP  woven fabric  233 0.80 

H10/90 Hybrid yarn 10% SS/ 90% PP woven fabric 221 0.76 

H 20/80 Hybrid yarn 20% SS/ 80% PP woven fabric  208 0.71 

H 40/60 Hybrid yarn 40% SS/ 60% PP woven fabric 206 0.58 

H 75/25 Hybrid yarn 75% SS/ 25% PP woven fabric 160 0.82 

 

   

  

 

Figure 1.  

Images of woven fabric 

samples containing different 

proportion of SS/PP.  

(a) H 1/99 (b) H 10/90  

(c) H 20/80 (d) H 40/60 and  

(e) H 75/25. 
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2.1. Electromagnetic shielding effectiveness evaluation 

SE of sample set was measured according to ASTM D4935-10, for planar materials using a plane-

wave, far-field EM wave. SE of samples was measured over frequency range of 30 MHz to 1.5 GHz. 

The standard mentioned above determines the shielding effectiveness of the fabric using the insertion-

loss method. A reference measurement for the empty cell was required for the shielding effectiveness 

assessment. A “through” calibration by the help of the reference sample was made first. A load 

measurement was performed on a solid disk shape sample subsequently. The reference and load 

specimens must be of the same material and thickness. Sample (both reference and load) geometries 

according to ASTM D 4935-10 are shown in Figure 2. The measurement was carried out at 5 different 

places of textile samples because of subsequent statistical analysis.  
 

  

(a) (b) 

Figure 2. Illustrations of (a) reference and (b) load sample. 

 
 

2.2. Fabric bending and air permeability measurements 

The device TH5 (Czechoslovak patent) was designed for the measuring of bending moment as shown 

in figure 3; it provides the bending stiffness of the measured resistance force against the bending of the 

fabric. The method working under cantilever principle gives immediate stiffness of fabrics. The device 

senses the strength which will use to the strip of fabric on the sensing element. The strip has the 

standard fixed length (L= 1.5 cm) and the width (b = 2.5 cm).  

 
 

 

 

 

 

Figure 3. Schematic diagram of the 

device TH5.      

(1 – Clamping jaw, 2 – Sensing element) 

The relationship for calculated the bending moment is shown in equation (1) 

𝑀0 = 𝐹1 x  𝐾                                                                     (1) 

Where, M0 is bending moment for 1 cm width of the sample [mN. cm], F1 is the maximum value of 

the fabric force [N] and K is constant (K = L/b = 0.604). 

Air permeability (A) [l/mm2/s] of the samples was measured using Textest FX 3300 at 100 Pa as per 

ISO 9237 standard. 

3. Results and discussion 

3.1. Electromagnetic shielding ability of samples 

133 mm 
33 mm 
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3.1.1. Frequency dependent electromagnetic shielding effectiveness. Figure 4 shows the dependence 

of electromagnetic shielding effectiveness (SE) in decibel [dB] on whole measured frequency range 

(from 30MHz to 1.5 GHz) for all samples. 

Figure 4 shows EM SE of hybrid yarn woven samples with different stainless steel fiber content 

(“H”) which is increasing logarithmically with the increasing frequency. It is visible that EM SE 

values for woven samples are increasing (up to 50 dB at frequency 1.5 GHz) with increasing metal 

fiber content (1, 10, 20, 40 and 75 percentages of SS) in sample on whole frequency range. The 

increase in metal fiber content is showing increasing SE due to more reflection character of SS fiber.  

3.1.2. Relation between SE on P. Figure 5 shows the graph of metal fiber content percentage versus 

EM SE at frequency 1.5 GHz. that electromagnetic shielding effectiveness increases with increasing 

stainless steel fiber content for woven samples totally made of hybrid yarns containing 1%, 10 %, 20 

%, 40 % and 75% of SS.  

  

Figure 4. Graphs of electromagnetic shielding 

effectiveness SE [dB] vs. frequency, f [Hz]. 

Figure 5. The dependence of EM SE at 1.5 GHz 

frequency on metal fiber content for woven 

samples. 

Sample with the highest content of metal fiber reaches the highest EM SE of 51 dB for frequency 

1.5 GHz, sample containing the lowest proportion of conductive component displays the lowest EM 

SE of 12 dB for frequency 1.5 GHz. The overall SE is increasing according to power function with 

metal fiber content (P). At very low percent of conductive fiber loading, the SE is more or less equal to 

zero like a pure matrix (polypropylene yarn). At 3% to 7% of metal fiber content, the SE value 

increases drastically over a very narrow range of conductive fiber concentration which is called as 

percolation threshold (P0). The solid line in this graph (see fig. 5) corresponds to the linear regression 

model with parameter obtained by the minimizing sum of squared differences. A high R2 value (0.99) 

confirms prediction ability of the developed regression models. This linear regression model can be 

used for prediction of the ‘P’ value for sufficient shielding. 

3.2. Bending moment analysis 

The bending moment of the sample is important while using fabric for garment and apparel 

applications. Figure 6 shows the bending moment (M0) depends on metal fiber content percent (P) of 

woven samples in both warp way (fig. 6(a)) and weft way (fig. 6(b)). The decrease in bending moment 

due to increase in metal fiber content is clearly visible in graphs for both warp and weft way of the 

samples. In warp way, the M0 value is about 39 mN.cm for 1% SS sample and 20 mN.cm for 75% SS 

sample; it shows that the fabric bulkiness or resistance to bending is decreases by increasing metal 

fiber content (fig 6(a)) also visible in air permeability results (fig. 7). The weft way M0 values also 

shows the behavior similar to warp way, double the time decrease in M0 value for sample containing 

75% metal content compared with 1% metal content (fig. 6(b)). 
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Figure 6. The dependence of M0 on metal fiber content (a) Warp way and (b) Weft way. 

 

The overall M0 is decreasing according to power function with P. The solid line in graphs (see fig. 

6) corresponds to the linear regression model with parameter obtained by the minimizing sum of 

squared differences. A high R2 value (0.99 & 0.94) confirms prediction ability of the developed 

regression models. This linear regression model can be used for prediction of the ‘P’ value for 

sufficient bending moment. 

3.3. Comparison of air permeability results 

Figure 7 shows the dependence of mean values of air permeability (A) on the metal fiber content 

percentage (P) for woven samples totally made of hybrid yarns.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The dependence of air permeability A 

[l/m2/s] on metal fiber content P [%] for woven 

samples. 

 

Results shows that the air permeability increases linearly (from 134 to 1262 l/m2/s), with the 

increase of metal fiber content (from 1 % to 75 %). The dependence of A on P can be simply 

approximated by line. The solid line in the graph corresponds to the linear regression model with 

parameters obtained by the minimizing sum of squared differences. Correlation coefficient r ~ 0.96 

refers to very good positive fit and therefore air permeability increases as metal fiber content in the 

hybrid yarn increases. This phenomenon is caused by the fact, that metal fibers are finer compared to 

polypropylene fibers and yarns with higher metal fiber content have lower diameter compared to yarns 

with lower metal fiber content. By using yarns with lower diameter while remaining other parameters 

of woven fabric constant, larger pores are created in the structure of fabric which allows easier 

penetration of both air (air permeability) and water vapor (water vapor permeability). 
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4. Conclusions 

The woven twill weave fabric was prepared by hybrid yarn of 8 µm dia. stainless steel fibers blended 

with polypropylene fibers in ratio of 1:99, 10:90, 20:80, 40:60 and 75:25. The produced five different 

proportion of woven fabric samples are analysed for electromagnetic shielding, bending moment and 

air permeability. In electromagnetic shielding analysis, the EM SE of hybrid yarn woven samples with 

different stainless steel fiber content is increasing logarithmically with the increasing frequency. It is 

visible that EM SE values for woven samples are increasing (from 12 dB to 51 dB at frequency 1.5 

GHz) with increasing metal fiber content (1, 10, 20, 40 and 75 percentages of SS) in sample on whole 

frequency range. SE values at 1.5 GHz of samples H 40/60 and H 75/25 having 42 dB and 51 dB has 

graded as ‘very good’, H10/90 and H 20/80 having 29 dB and 35 dB graded as ‘good’ and H 1/99 

having 18 dB graded as ‘moderate’ [12]. The linear regression model (R2=0.99) confirm that the 

prediction of SE value based on P. Bending moment value is decreases by increasing the metal fiber 

content percentage and its linear regression model confirm that the prediction of M0 value based on P. 

Air permeability value and image analysis of fabric samples confirm that the decreases in M0 value 

mainly based on yarn bulkiness. Air permeability of the samples also increases by increasing the metal 

fiber content and linear regression model confirms it. 
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 Abstract. Humans live and work under severe thermophysiological conditions, which are char-

acterized by extreme temperatures and humidities. Furthermore, additional burdens can arise 

from physical activities of the human body or the work conditions (resulting in psychological 

stress) [1]. The thermoregulation of the human body compensates such situations and main-

tains the core body temperature at 37°C (98,6 °F). The currently used systems for supporting 

human thermoregulation, such as PCM-equipped surface structures or mobile water-based 

cooling units have the disadvantage that the running cooling process is neither switchable nor 

reversible. Another promising possibility for a personal cooling is the use of temperature-

dependent superabsorbers (so-called LCST and UCST) in garments, which absorb the human 

sweat and transmit it to the environment by evaporation. Cooling during evaporation results in 

heat transfer from the human body.  

1. Introduction 

Under extreme environmental conditions (cold store or fires) or high humidity (jungles) the body´s 

own thermal regulation mechanisms are only partially able to compensate the performance-reducing 

effects of the environment. The comfort zone of humans is between 17°C - 25°C (62,6°F – 77°F) with 

a relative humidity between 32% - 70% (for naked bodies) (see Figure 1). In addition to these envi-

ronmental situations, the physical activities under these conditions causes further burdens on the ther-

moregulation process.  

The possibilities of insuring the safety of people, who must work under these conditions are based 

on the circumstance that the temporal thermal impact of extreme condition are limited. In some cases, 

however, it is possible that these time limits may be exceeded or that these cannot be met due to the 

circumstances. Such conditions are often found by firefighters, police or athletes. Another way of pro-

tecting people under these adverse environmental conditions is the active cooling / heating of their 

immediate environment. These systems, such as air conditioning, heaters or phase change materials, 

are able to absorb thermal energy from bodies over a longer period of time. However, these options 

cannot be used by individuals as they can be very large, heavy and mostly non-reversible. In order to 

support groups of people working under extreme thermal conditions, thermoregulatory support is nec-

essary, which can regulate the body temperature in a reversible and switchable manner. In addition to 

that, it is important that the thermal support system does not further influence its wearer, meaning for 

him it is comfortable. 

In order to meet these requirements, the physical approach of evaporation was followed. By means 

of temperature-dependent superabsorbers, so-called LCST (Low Critical Solution Temperature) and 

UCST (Upper Critical Solution Temperature), which are incorporated into various textile surface 

structures, the thermoregulation of the human body can be supported. These LCST and UCST (see 

Figure 2) absorbers can absorb water at a set switching temperature. At this switching temperature, 

they change from a hydrophobic to a hydrophilic behavior (or vice versa). The LCST-gels always 

absorb water below their switching temperature and store it in their internal structure (hydrophilic 

behavior). 



  

Figure 1. Comfort zone for the human body [2] Figure 2. Phase diagrams with LCST and 

UCST [3] 

Above the switching temperature, the LCST-gels release the stored water again and assume a hy-

drophobic behavior. The behavior towards water is different by the UCST-gels. It is the exact opposite 

of the LCST-gels, that´s why the UCST-gels absorb water over their switching temperature and re-

lease it below it. 

2. Research method and result 

2.1. Development of gel systems with switching behaviour 

The requirements of the LCST-gels and UCST-gels for their use in supporting the human thermoregu-

lation are different. Important for subsequent use is the switching temperature, which should be be-

tween 35°C - 38°C (95°F – 100,4°F). They should include a relatively small range so that the phase 

transition can take place more specifically, so the gels achieve the desired effects. For the characteriza-

tion of the microgels it is important to note the following feature: In the common literature, the phase 

transition of thermosensitive microgels is usually described with the volume phase transition tempera-

ture (VPTT). Thus, the temperature at which a significant volume change of the particles occurs is 

described. However, this does not clearly define whether the microgels shrink above a defined temper-

ature, as would be the case for LCST-polymers, or swell as it happens with UCST-polymers. The 

switch between the various hydrostatic states must be reversible in order to ensure the functionality. 

Furthermore, the degree of swelling should be large enough so that the microgels can absorb ade-

quate amount of water (see Figure 3 and Figure 4), but small enough to minimize the tendency to ag-

glomerate. The desired particle size of the non-swollen microgels should be as low as possible, this 

means less than 50 μm, since the diffusion rate during swelling and de-swelling depends considerably 

on the radius of the non-swollen microgels. The decisive factor for the investigations was the devel-

opment of a robust manufacturing process, whereby two factors are particularly important. Firstly, the 

process must guarantee the reproducible synthesis of microgels with a stable switching temperature 

and secondly the production of sufficient sample quantities must be guaranteed.  

For this purpose, two methods have been studied. The major part of literature uses precipitation 

polymerization to prepare LCST-microgels. The primary polymer poly-N-isopropylacrylamide 

(PNIPAM) used during research has a VPTT of 32°C (89,6°F) (see Figure 5). By mixing with other 

polymers such as poly-N,N dimethylacrylamide (PDMAAm), the VPTT could be increased to 37°C 

(98,6°F) and particle sizes of less than 1 μm could be produced (see Figure 6). The thermosensitive 

properties of these microgels can thus be determined by means of dynamic light scattering (DLS, see 

Figure 6). Ultimately, the preparation methodology had to be discarded by precipitation since insuffi-

cient amounts of LCST-microgel could be generated. In addition to precipitation polymerization, mi-

crogels can also be synthesized by means of inverse emulsion polymerization. In synthetic principle, 

microgels are produced from dispersed water droplets which contain monomer, cross-linker and initia-

tor. 



The aqueous phase is thereby dispersed in a hydrophobic solvent (e.g. cyclohexane, dodecane, par-

affin), a mixture of emulsifiers (e.g. Span, Tween) being added for stabilization. This usually leads to 

particle sizes > 1 μm, therefore the polymerization temperature has to be chosen below the VPTT, 

since otherwise a precipitation polymerization takes place in the water droplets. If the polymerization 

is then initiated, the water droplets completely crosslink and form microgels. 

  

Figure 6. Representative results of dynamic light scattering 

for PNIPAM and a series of PNIPAMm-co-PDMAAmn mi-

crogels with 6, 10 and 12 mol% PDMAAm. The hydrody-

namic diameter is applied Dh as a function of the temperature. 

Figure 7. Representative results of the DSC 

measurement for PNIPAM0.86-Co-PDMAAm 

0.14 (0.25% BIS). 

In contrast to the microgels produced by the precipitation polymerization and having particle sizes 

between 200 nm - 400 nm, the microgels obtained by the inverse emulsion polymerization are signifi-

cantly larger and broader. By increasing the experimental reactor, 250 g of LCST-microgels could 

finally be produced per production. However, this led to process-typical problems such as increased 

production times and process uncertainties. Irrespective of the production method, the developed 

LCST-microgels showed a pronounced switching behavior at a temperature of 37°C (98,6°F) and a 

small particle size, so they are suitable in the use as a thermoregulation system in garments. 

In addition to the development of LCST-microgels exhibiting water-releasing properties, another 

objective was to produce microgels exhibiting water-absorbing properties at temperature elevation, the 

UCST-microgels. The observed pathways showed that the UCST-microgels are difficult to analyze 

than the LCST-microgels. Two manufacturing methods have also been tested to produce reliably 

switchable UCST-microgels in large quantities. 

   

Figure 3. Initial state of the 

microgel 

Figure 4. Microgel with ab-

sorbed water, the red mark 

symbols the size of the initial 

state of the microgel 

Figure 5. Chemical structure of the 

synthesized microgels PNIPAMm-

co-PDMAAmn, where m and n are 

the molar proportions of PNIPAM 

and PDMAAm.  



The first manufacturing test for UCST-microgels was carried out by the generation of interpenetrat-

ing networks (IPN) based on polyacrylamide and polyacrylic acid. The networks are generated by a 

two-step inverse emulsion polymerization. The composition of the networks were tested with several 

variations in production. The thermosensitive properties of the IPN particles were characterized by 

DSC (differential scanning calorimetry) and rheological methods. The summary results show that the 

IPN-microgels swell continuously over a wide temperature range. This means that no clearly defined 

switching temperature could be detected, which is inappropriate. 

The second preparation approach was based on the development of microgels based on sulfobeta-

ines. These investigations were initiated because homo- and copolymers of this monomer class are 

known to have thermosensitive properties which can be systematically influenced. The experiments 

and subsequent investigations showed that the UCST-microgels have a reversible switching behavior 

with a switching temperature between 36°C and 37°C (96,8°F and 98,6°F). However, the swelling 

behavior is very difficult to describe and determine. For the further investigation only the produced 

LCST-gels are considered for functional thermoregulation material in garments. 

2.2 Characterization of textile functional materials 

For the textile functional material it is necessary that their thermoregulation behavior is also provided 

under stress conditions. The textile materials should have sufficient strength and extensibility so that 

they can be used in garment systems. Furthermore, the textile materials must be open-pored, so that 

water vapor can permeate the microstructure and fill them. Furthermore, the materials must be a po-

rous structure so that the microgels can also store sufficient water. Unfortunately such a porous struc-

ture can lead to a noticeable release of microgels during stress conditions, which is hardly to prevent. 

Foam foils based on polyurethane and polyvinylchloride are suitable for the thermosensitive microgels 

as a carrier material because of their chemical adjustable inner volume.  

The disadvantage of the foam foils are that the tensile strength and elongation is too low (see Fig-

ure 8 and Figure 9) for the apply in clothing. Due to this behavior the equipped foam foils have been 

joint with classical textile materials to reduce the mechanical stress on the foam foils. Furthermore, the 

foam foils must have a certain thickness so that the microgels can have sufficient volume for swelling. 

However, as the thickness increases, flexural stiffness rise considerably, which doesn´t match normal 

requirements of sportswear. In addition, the use and combination of the foam foils with the equipped 

microgels resulted in a very pronounced behavior towards water (see Figure 9).  

Since the foam foils were equipped with only LCST-microgels with a switching temperature of 

37°C (98,6°F), they swelled continuously until they were fully filled. It should be noted that the 

amount of absorbed water in the microgels depend on the available moisture in the room and the local 

surface texture of the carrier material. The absorbed water in the microgels influences the mechanical 

properties of the foam foils considerably. Swollen foam foils show a significant higher elongation and 

a different tensile strength behavior than unfilled foam foils.  

  

Figure 8. Tensile strength behavior of PVC-

based foam foils in longitudinal and transverse 

direction 

Figure 9. Tensile strength behavior of water filled 

and unfilled foam foils 



2.3 Structure and function of the thermocouples  

The first design of the thermocouple (see Figure 10) for the application of the LCST- and UCST-

microgels was a multilayer structure of porous textiles (e.g. non-woven fabrics) equipped with LCST- 

and UCST-microgels. The design ensures theoretically an efficient cooling as well as it prevents the 

subject of undercooling. However, this design could not be further pursued because the swelling be-

havior of the microgels could not be sufficiently controlled.  

The swelling microgels formed gelatinous structures in which swollen and non-swollen microgel-

particles coexisted. Furthermore the swelling is differently pronounced and took place in diverse parts 

of the textile carrier material. Further challenges occur due to the discharging of water. Since the water 

is not evenly distributed and stored equally in the microgels, it diffuses with different rates to the sur-

rounding. The direct result of this process is an odor development and a mold growing in the affected 

areas. It was shown by the fact that it is necessary to design a connection and a separation of the mi-

crogels. This has been realized by foam foils. 

  

Figure 10. First design of the layer for the ther-

mocouples  

Figure 11. Structural principles for the applica-

tion of the LCST-equipped PVC foam foils 

(white) in the non-woven fabric (grey) 

For an improved water distribution the available surface of foam foils was increased by subdividing 

the foam foils into 10mm x 10mm pieces (schematic illustration, see Figure 11, real representation, see 

Figure 12). A polyester-based nonwoven fabric has been selected as a textile carrier material. The 

joining between the gel-equipped foam foils and the non-woven fabric has been realized by suitable 

adhesives. The produced non-woven inserts have been integrated into various sportswear garments, 

e.g. on the chest of a functional shirt (see Figure 13). The function tests were carried out by test per-

sons on the treadmill, with a running time of 30 min and a subsequent regeneration time of 10 min. 

The cooling effect of the microgels was confirmed by the subjects. 

  
Figure 12. Patterns of microgel-equipped foam 

foils for use in sport shirt 

Figure 13. Functional shirt made of PES with 

equipped foam foils on the chest 



To assure this subjective evaluation, the material combinations were examined thermodynamically 

by the Hohenstein Institutes, whereby the cooling effect could be confirmed as well. 

3. Conclusion 

It was demonstrated that the thermosensitive microgel-equipped foam foils applied in sportswear can 

support the human thermoregulation. The used LCST-microgels can be synthesized on a large scale 

and have a swellable behavior even above a relative humidity of 90% (in powder form). The investiga-

tions have been carried out with pure water, but the assumption is that the experiment with electrolytic 

water must lead to the same results. The change from hydrophilic to hydrophobic  behavior (or vice 

versa) of the microgels is precisely adjustable with a variable definable switching temperature. 

The production and testing of UCST microgels occurs as a great challenge and requires further in-

tensive investigations. The challenge is the detection of the temperature-dependent swelling behavior 

of the UCST-microgels. The used detection methods were not reliable, therefore new methods have to 

be developed especially for UCST-gels. 

The developed temperature-dependent microgels has be integrated into a carrier system in order to 

ensure an optimal swelling behavior without clumping and additionally to improve the durability 

against external influences. As a carrier system, non-woven fabrics are less suitable since they can`t 

prevent the formation of clumps. The integration of the LCST-gels in foam foils is more encouraging 

and can be used in combination with textile carrier systems. The foam foils have a sufficient accessi-

ble surface so that the water can permeate and is porous enough not to hinder the swelling capacities 

of the LCST-microgels. A filling degree of 60 percent by mass was achieved. The combination with a 

textile carrier system also increases the resilience to mechanical influences. However, the use of small 

foam foil patches integrated in a chamber structure is preferable, because the strength of the compound 

and the available surface area increases.  

Despite the difficulties, a garment for sport applications was made with a mixture of 30% LCST-

microgel and 30 percent superabsorber to study the effect of thermoregulatory support. The cooling 

effect of the absorber mixtures was confirmed by subjective evaluation of test persons and thermody-

namic simulations. 
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Abstract. Chitosan-based emulsions were prepared at pH from 4.0 to 6.0. The zeta 

potential and droplet size were monitored at different pH. Double emulsions (water-

oil-water) were observed due to the stiff conformation of chitosan at pH 4.0. At pH 

5.0, the emulsion droplets were the smallest (2.9 m) of the experimental pH range. 

The emulsion droplets were well dispersed due to high surface charge of chitosan (for 

example, +50 mV at pH 5.5) in entire pH range. The emulsion was treated with 

carboxymethyl cellulose (CMC) for neutralizing the charged chitosan on the surface 

of emulsion droplets. Above 1010-2 mg/ml of CMC, no change in zeta potential was 

observed indicating no more free chitosan existed after neutralization with CMC. The 

emulsion was then crosslinked with different amount of glutaraldehyde. Upon 

increasing the amount of glutaraldehyde, the amount of core content inside the 

microcapsule and encapsulation efficiency of shell materials decreased gradually. The 

Dynamic Scanning Calorimetry data confirmed no interaction between core and shell 

material in the microencapsulation process. The thermal degradation of the 

microcapsules was examined by thermogravimetric analysis and a gradual decrease in 

the degradation temperature upon increasing glutaraldehyde concentration was found. 

The tuning of CMC concentration can provide valuable information regarding stable 

emulsion and efficient microcapsule formulation via coacervation. 

 

1. Introduction 

Encapsulations of active ingredients are increasingly being used to improve controlled delivery of 

cosmetic and pharmaceutical products. Encapsulated products are used in the development of medical 

and antibacterial textiles, and these products must comply with consumers safety, which have become 

an issue of great concern. Focussing on this issue, the project aims to deliver active ingredients in a 

controlled manner for therapeutic purpose and mitigate risk using natural biopolymers, particularly for 

textile industries. The research is focused on designing and formulating microcapsules using cost 

effective biopolymers and green processes. Two natural polymers, Chitosan (CH) and 

carboxymethylcellulose (CMC) were used as shell materials to deliver essential ingredients and, at the 

same time, increase the level of safety for consumers. 

 

2. Materials and Methods 

Chitosan (CH) of low molecular weight and Carboxymethyl cellulose (CMC) (low viscosity, Avg Mw 

≈ 90000 Da) were purchased from Aldrich, France. CH degree of deacetylation (DD) was 75-85% and 

the molecular weight 50,000-190,000 Da. Blends of CH and CMC were used as shell materials. n-

hexadecane, selected as core material, was purchased from SESOL Performance Company, Germany. 

Zeta potential (ZP) values were determined using the Zeta sizer 2000 (Malvern Instruments Ltd., 



Malvern, UK). Specific conductance values were achieved using a CMD210 conductometer.  The 

microscopic images were taken using a CCD camera (uEye, GmbH) for the evaluation of droplets 

dispersion. Surface tension was measured using GBX 3S Tensiometer, France. The dynamic scanning 

calorimetry and thermogravimetric analysis were done by using simultaneous thermal analysis 

(DSC/TGA 3+, Mettler Toledo). 

 

2.1 Emulsion preparation 

The zeta potential of aqueous CH and CMC solutions were determined at different pH. Besides, the 

surface tension values were measured at room temperature. Then, the emulsions were prepared for the 

dispersion of core materials in the aqueous CH (1% wt) solution at different pH (4.0 – 6.0). The 

formulation consisted of 20 ml paraffin oil and 80 ml aqueous CH (1g/100ml) solution using 

homogenizer at 13500 rpm for 30 min. The microscopic images, droplet size and surface charges of 

the emulsions were evaluated after dilution 1: 200 in the buffer at pH range from 4.0 to 6.0. The 

emulsion at pH 5.5 was chosen for the further analysis for two reasons: first, to avoid double emulsion 

droplets and secondly, the CMC exhibited the highest negative charge at pH 5.5 to neutralize CH-

based emulsion. Then, CMC solutions of different concentrations were added to the chitosan-based 

emulsions until constant zeta potential () value was achieved. These emulsions were called 2nd 

emulsion. During this period, the zeta potential, microscopic images, and dispersions were monitored 

for the evaluation of 1st layer on the chitosan-based emulsions. The emulsions were crosslinked with 

different concentration of glutaraldehyde. The crosslinked emulsions were dried at 50°C. The dried 

microcapsules were analyzed by DSC and TGA analysis for the evaluation of thermal stability.  

 

3. Result and Discussion 

Emulsion preparation is the primary step of microencapsulation via coacervation. Therefore, the 

evaluation of chitosan behaviour during emulsion formulation at different pH is considered as an 

important step. The chitosan-based emulsions were studied to observe the droplet size and dispersion 

as a function of pH.  

 

  
pH 4.0 pH 6.0 

100 m 

Figure 1. Droplets of CH-based emulsions after homogenization at different pH 

 

3.1. CH stabilized Emulsion  

The microscopic images of chitosan-stabilized oil-in-water emulsion at pH between 4 and 6 are 

analysed (Figure 1). Besides, the zeta potential () and specific conductance values versus pH range 

and the corresponding droplet mean diameters are shown in Figure 2. No significance difference was 

observed in specific conductance indicating a limited ionization of chitosan in the tested pH range.  

values decreased with pH increase, suggesting that the surface charges of the droplets  



 
Figure 2. i) Zeta Potential and specific conductance ii) diameters (µm) of CH-based emulsion against 

different pH. 

 

decreased at higher pH due to deprotonation of CH molecules on the surface of emulsion droplets. 

Besides, the emulsifying ability of CH was influenced by the pH of the medium in such a way that the 

average size of emulsion droplets diameters gradually decreased as the pH approached the highest 

value (from pH 4.0 to 5.0). The emulsion droplets at pH 4.0 were the largest compared pH, and small 

droplets inside each large droplet were clearly observed in the microscopic images (Figure 1). This 

was an indication of multiple or double emulsion (water-oil-water) formation that mainly occurred for 

having a rigid conformation of chitosan [1, 2]. The conformational changes of CH depend on the 

deacetylation degree (DD) and aqueous pH. In the present study, the DD of CH was in the range of 

75-85%. Alternatively, N-acetyl-D-glucosamine units or degree of acetylation (DA) was around 15-

25% which impacted on the stiffness of the CH chain. The stiffness, a result of intramolecular 

hydrogen bonds increased with the increase of acetamide groups present in the CH backbone. The 

conformation exhibited at this stage was coil-like and started expanding upon increasing the pH to 

higher values. Consequently, steric hindrance was developed due to the bulky acetamido groups that 

resist rotation around the glycosidic bonds [1]. Therefore, the number of individual CH molecules (D-

glucosamine, hydrophilic) is higher in case of low DA, while it is low in case of high DA value. Thus, 

CH behaviour is more hydrophilic in case of low DA (<10%) and more hydrophobic in case of high 

DA (>10%). The low DA allowed to the formation of oil-in-water (o/w) emulsion as while higher DA 

of CH produced water-in-oil (w/o) emulsions. Threfore, w/o emulsions were trapped inside the oil-in-

water emulsions at pH 4.0 [2]. Besides, the presence of D-glucosamine promoted the expansion and 

elongation of CH chains due to the repulsion and less share thinning rheological behaviour.  The 

multiple emulsion system (w/o/w) disappeared upon increasing the pH to highest pH value until pH 

6.0 and only o/w emulsion remain stable above pH 4.0. The increasing of pH from 4.0 to 6.0 

decreased the persistence length and increased the compactness of CH structure. This affected the 

mean diameter of the emulsion droplets, which decreased up to pH 6.0. 

 

3.2 Interaction between CH-based emulsion and CMC 

The influence of CMC on the zeta potential and dispersion behaviour of the emulsion droplets against 

the CMC concentration is illustrated in Figure 3. The net charge of pure chitosan-based emulsion 

droplets was highly positive (+51 mV) at pH 5.5. Moreover, chitosan displayed surface active property  

by adsorbing on the oil-water interface, but the CMC did not have any surface activity (Figure 4). 

Therefore, the chitosan-based emulsion was quite stable, and droplets were well dispersed (Figure 3). 

The incorporation of aqueous CMC into the chitosan-based emulsion drastically reduced the zeta 

potential at pH 5.5. The concentration of CMC highly influenced the net surface charges of the 

droplets. The addition of  2.5×10-2 mg/ml CMC decreased  value from +50 mV to +38 mV  while  the  
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Figure 3. Emulsion after First layer formation of CH-CMC blend at different zeta potential 

 

  
Figure 4. Surface pressure of CH and CMC at 

room temperature in the oil/ aqueous interface 

Figure 5. Zeta Potential of two different 

concentrations CMC at various pH 

  

Figure 6. The dependency of CMC 

concentration on the zeta potential of Chitosan-

based emulsion 

Figure 7. Thermal degradation (TGA) of pure 

paraffin oil and microcapsules 



dispersion behaviour was quite high (Figure 3). Further increase of CMC concentration to 5×10-2 

mg/ml, the  value decreased to +24 mV. CMC is a negatively charged polysaccharide and exhibits 

negative  value in the studied pH range (Figure 5)[3]. Therefore, the negatively charged CMC 

neutralized the positively charged chitosan on the emulsion droplets surfaces. The reduction of the  

values was more pronounced at 7.5×10-2 mg/ml CMC and negatively charged (-3.2 mV) surfaces of 

droplets were observed. The emulsion droplets started aggregating due to low surface charges (-3.2 

mV) as the CMC concentration increased (Figure 3). With a further increase of CMC concentration to 

10×10-2 mg/ml, a negative  value (–25 mV) was observed again. The microscopic image showed 

well-dispersed droplets due to high negative surface charges. It is worth observing that further increase 

of CMC (at 15×10-2 mg/ml) did not change the  value. This results suggested the achievement of the 

saturation level of chitosan-CMC complexes onto the surface of droplets (Figure 6). Similar 

behaviours were claimed between anionic polysaccharide and positively charged protein in some 

previous study [3–5].  

 

  
Figure 8. Differential Thermograph analysis 

of paraffin oil and microcapsules 

Figure 9. Melting and Crystallization bevior of 

Paraffin oil by using Dynamic Scanning Calorimetry  

 

Table 1: Thermal analysis of microcapsules by DSC and TGA  

CH
a
 

(g) 

CMC
b 

(g) 

Glut
c
 

g/g 
H

d 

cryst 

(J/g) 

H
d 

melt 

(J/g) 

T
e 

melt, 

onset  

(°C) 

T
e 

cryst, 

 onset 

(°C) 

T
e
max, 

melt 

(°C) 

T
e
max, 

cryst 

(°C) 

Microcapsules 

5% 

wt 

Active 

cont. 

(%) 

Encap 

Yield 

(%) 

1 1 2 154.83 155.49 13.54 15.20 26.02 3.82 135 93.11 59.43 

1 1 4 136.29 136.12 17.89 16.47 29.12 8.42 135 81.51 57.53 

1 1 6 106.35 108.02 19.22 14.82 31.50 5.89 118 64.80 49.19 

1 1 12 89.16 83.02 19.62 14.51 30.71 5.86 113 49.84 25.00 

aCH indicates chitosan 
bCMC indicates Carboxymethyl Cellulose   
cGlut indicates glutaraldehyde  
dH corresponds to enthalpy (J/g) 
eT indicates Temperature (°C) 

 

3.3 Microcapsule Preparation 

The emulsion was then crosslinked using different amount of glutaraldehyde (2.0, 4.0, 6.0 and 12.0 

g/g of total biopolymers) and solidification was obtained by drying the crosslinked emulsion. The 



encapsulation efficiency was determined by measuring the mass of dry microcapsules while the 

amount of active content (%) inside the microcapsules was determined from the enthalpy 

measurement by dynamic scanning calorimeter (DSC) (Table 1). Besides, TGA and DTG data were 

used for the evaluation of thermal degradation rate and temperature (Figure 7 and Figure 8 

respectively). 

 

3.4. Encapsulation yield 

The encapsulation yield decreased with increasing the amount of glutaraldehyde used in the 

crosslinking process. It might attribute to the covalent interaction between chitosan and glutaraldehyde 

by affecting the bond between chitosan-CMC. Competition between glutaraldehyde and CMC 

occurred that reduce the encapsulation upon increasing glutaraldehyde. Glutaraldehydes quickly 

reacted with free NH2 groups of chitosan and weaken the interaction between chitosan and CMC. As a 

result, the encapsulation efficiency and amount of active content decreased with the increase of 

glutaraldehyde. The onset temperatures of melting and crystallization were almost same for 

microcapsules and pure paraffin oil (Figure 9) indicating that there was no interaction between shell 

and core materials (Table 1). 

 

4. Conclusion and Future work  

CH-based emulsions provided highly dispersed and stable dispersions that led to producing 

microcapsules via layer by layer technique. Double emulsion formation was observed at low pH 4.0, 

and the droplet size was found the lowest at pH 5.0. The layer formation using CMC was confirmed 

by changing the ZP value from positive to negative. The CMC concentration was the main influential 

factor for changing the zeta potential indicating oppositely charged interaction. The crosslinking of 

emulsions with glutaraldehyde led to the lower value of encapsulation yield and the amount of active 

content in the microcapsule. The useful layer-by-layer technique could tune the release of active 

material. In this study, further experiments will be undertaken to apply these microcapsules by 

padding and grafting processes on the fabric surface. The kinetics of release profile will be evaluated 

using Franz diffusion cell. 
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Abstract.  

The paper is devoted to development of technology of electrically conductive yarn production. 

This technology allows manufacturing conductive yarns of copper wire and polyester filament 

yarns. Method of the predicting of the conductive yarn breaking force was developed on the 

base of analysing of load-elongation curves of each strand of the yarn. Also the method of the 

predicting of the conductive yarn diameter was offered. Investigation shows that conductive 

yarns can be integrated into the textiles structure using sewing or embroidery equipment. 

Application of developed conductive yarn is wearable electronics creating with wide range of 

functions, for example, for specific health issue monitoring, navigation tools or communication 

gadgets. 

1.  Introduction 

One of the most prospective textile research fields is the development of electrically conductive yarns 

for integration into the textiles structure since conductive yarns use is the base of smart textile and 

wearable electronics creation [1, 2] . It is known that the integration of smart functionality into 

clothing and other textile products will radically change the culture surrounding these products, 

fundamentally altering people’s relationships with them and the way they use them. Smart 

functionality will also have an impact on the way products are designed and the materials developed 

[3]. The aim of the research is development of the technology for production of conductive yarns with 

predetermined properties. 

 

2.  Materials and methods 

The developed technology allows manufacturing of conductive yarns of copper wire and polyester 

filament yarns. Diameter of the wire is 50 m, the range of conductive yarns linear density is from 40 

till 72 tex. Tables 1, 2 show the properties of filament yarns and wire used in the production of 

electrically conductive yarn. 

In accordance to the technology conductive yarn is produced on twisting machines with hollow 

spindles (figure 1). Copper wire 1 is fed to twisting zone together with one of the filament yarn 2 (core 

strand). The second filament yarn 3 (covering strand) is being twisted with them while rewinding from 

package which is fixed on hollow spindles. Further conductive yarn is wound on the bobbin 4. 



Table 1. Properties of polyester filament yarns 

Properties Value 

Linear density, tex 11,3 27 

Density, g/cm
3
 1,38 1,38 

Breaking force, cN 706,4 1444 

Coefficient of variation of breaking force, % 4,0 4,5 

Elongation, % 12,3 15,8 

Coefficient of variation of elongation, % 6,0 8 

Breaking tenacity, cN/tex 62,51 53,48 

 

Table 2.  Properties of copper wire 

Properties Value 

Density, g/cm
3
 8,93 

Linear density, tex 18,0 

Diameter, mm 0,05 

Breaking force, cN 45–50 

Elongation, % 14 – 16 

Coefficient of variation of breaking force, % 5,0 

Coefficient of variation of elongation, % 3,0 

Bending endurance, cycles 11500 

Point of maximum load, kg/mm
2
 20 – 35 

Electrical resistivity, Ohm∙m 1,69·10
-8

 

 

 
Figure 1. Scheme of production of conductive yarn 



During researches we determined the impact of linear density of filament polyester yarns and twist 

of conductive yarn on its structure. It was desirable to obtain the most even covering of wire by 

polyester filament yarns. Table 3 presents photographs of line sections of different variants of 

conductive yarns. 

 

Table 3.  Line segments of different variants of conductive yarn 

Variant 1 

Core filament yarn 11,3 tex 

Covering filament yarn 11,3 tex  

 
Twist 455 turns per meter  

 
Twist 692 turns per meter  

Variant 2 

Core filament yarn 27 tex 

Covering filament yarn 11,3 tex  

 
Twist 455 turns per meter  

 
Twist 692 turns per meter  

Variant 3 

Core filament yarn 27 tex 

Covering filament yarn 27 tex 

 
Twist 455 turns per meter  

 
Twist 692 turns per meter  

 

The photographs (table 3) shows that filament polyester yarn 11,3 tex cannot provide full covering 

of copper wire. At the same time, we can note that choosing correct twist value leads to full covering 

of copper wire by filaments of polyester yarn 27 tex. For all variants of yarns we obtained uncovered 

places on the copper wire if the twist was chosen less than optimal value. 

 



3.  Predicting of the conductive yarn breaking force 

The method of predicting of the conductive yarns breaking force was developed on the base of 

analysis of each yarns strand load-elongation curves. Prediction of breaking force is an important task 

for developing of the new type of yarn. The total strength of filament yarns and copper wire (variant 2 

in the table 3) was about 2200 cN. However, observed value of breaking force of conductive yarns 

was 1567 cN, i.e. deviation of calculated values from actual testing results was about 40 %. This fact 

can be explained by difference of the breaking elongation of the conductive yarn strands. 

We can provide more precise calculation on the basis of the analysis of the load-elongation curves 

of each of the conductive yarn strands. As a result of these curves approximation we obtained the 

following dependences of the applied load (сN) to strands from elongation (%):  

- for core polyester yarn 27 tex: 
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- for covering polyester yarn 11,3 tex: 
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The significance of the coefficients of the regression models was estimated using the t-test. The 

part of breaking force of copper wire in total breaking force of combined conductive yarn is very 

small. So, stretching process was considered using the following straight-line correlation: 

 

.33,3PС      (3) 

 

Load-elongation curves of conductive yarn strands are shown at Fig. 2. 

If we analyze the load-elongation curves of the strands of developed conductive yarn we can pay 

attention to the moment when the polyester filament yarn 11,3 tex breaks. It happens when its 

elongation rises to 12,28 %. We can consider that in this time the elongations of other strands are the 

same. We can see on presented graphs that the elongation corresponds to the following calculated 

values of load applied to the conductive yarn strands:  

- to polyester filament yarn 27 tex – 907,2 cN;  

- to polyester filament yarn 11,3 tex – 715,1 cN;  

- to copper wire – 40,9 сN.  

So, at the moment of covering yarn break (PES 11,3 tex) the load applied to the conductive yarn is 

equal to the sum of the loads applied to all its strands, i.e. 1663,2 cN.  

After covering strand break this applied load is redistributed between two unbroken strands (PES 

yarn 27 tex and copper wire). However, their total breaking force is 1494 cN. This value is 

significantly less than actual load value. Therefore, covering strand break leads to simultaneous break 

of the rest strands and we can say that predicted value of breaking force of investigated conductive 

yarn is 1663,2 cN.  

This value is 6,1 % higher than breaking force which we determined as a result of conductive yarn 

testing (1567 cN). Obtained deviation can be explained by the error in approximation the real load-

elongation curves of the yarn strands, as well as by the effect of the properties variation of filament 

yarns 11,3 tex and 27 tex. At the same time, it can be concluded that the proposed approach can be 

used for the development of new types of electrically conductive yarns with the structure investigated 

in this paper. 

 



 
Figure 2. Load-elongation curves (observer and predicted) of the of conductive yarn strands 

 

4.  Predicting of the conductive yarn diameter 

In some cases for designing of the textile materials structure it is necessary to predict the diameter of 

the yarns which will be used in their manufacturing. Predicting of the yarn diameter is also very 

important because this parameter must be used for determining of the setting of the yarn further 

processing.  

For predicting of the conductive yarn diameter we offered a simplified method taking into account 

the fact that its individual strands (polyester filament yarns) are differently deformed in its structure.  

We can consider that the copper wire in the process of conductive yarn manufacturing retains a 

circular cross-sectional shape, while the cross-sections of polyester filaments are deformed taking a 

more complex shape.  

Suppose that all three strands in the structure of the conductive yarn can be represented in the form 

of cylinders enclosed inside the cylindrical shape yarn (Figure 3 a). In this case this yarn diameter can 

be calculated as follows: 

 

,K
ТТТ

0357.0D
2F

2F

1F

1F

C

C
1СY 
















   (4) 

 

where TC – linear density of copper wire, tex; C – density of copper, g/cm
3
; TF1 – linear density of core 

filament yarn, tex; F1 – density of core filament yarn, g/cm
3
; TF2 – linear density of covering filament 

yarn, tex; F2 – density of covering filament yarn, g/cm
3
, K – fore-run coefficient. 



 
Figure 3. Scheme of the cross-section of an electrically conductive yarn 

1 – polyester filament yarn 11,3 tex; 2 – polyester filament yarn 27 tex; 3 –copper wire 

 

If we use this formula (4) for variant 2 of conductive yarn (table 3) taking into account K = 1,05 we 

obtain the following result: 
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Also we can consider that the yarn strands during the twisting process are maximally deformed in 

such way that the section of this yarn gets a circle shape (Figure 2 b). For this yarn structure the 

diameter can be calculated using the following formula: 
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In this case calculated value of yarn diameter is significantly less in comparison with value which 

was obtained using formula (4): 
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It can be assumed that the real structure of the electrically conductive yarn occupies an 

intermediate position between the two considered structures which are described by the formulas (4) 

and (5). Then the average diameter of the yarn can be calculated by the following formula: 
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Therefore, the calculated diameter of conductive yarn 60 tex was 0,254 mm. This value was almost 

the same as measured diameter (the average value was 0,250 mm). The deviation of calculation and 

measurement data was 1,6 %. This accuracy is quite acceptable for engineering calculations. Thereby, 

the methods can be recommended for the conductive yarns diameter predicting.  

Investigation shows that conductive yarns can be integrated into the textiles structure using sewing 

or embroidery equipment [4]. While interacting of conductive yarns with tools of the equipment the 

2 

3 

1 

1 

3 

a) b) 
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structure of the polyester covering remains fixed. Copper wire is not damaged and its properties are 

not changed. As a result of conductive yarns samples processing we recommended to use the needles 

with increased eye and to impregnate the yarn by lubricants.  

Application of developed conductive yarn is wearable electronics creating with wide range of 

functions, for example, for specific health issue monitoring, navigation tools or communication 

gadgets. 

 

5. Conclusions: 

1. Investigated technology allows producing conductive yarns with copper wire covered by 

polyester filament yarns. The range of conductive yarns linear density is from 40 till 72 tex.  

2. Methods of the prediction of conductive yarns braking force and diameter are developed. 

Predicting of the yarn properties can be used for determining of the setting of its processing.  

3. Conductive yarns can be used for creation of different kinds of wearable electronics.  

 

References  

[1] Tao X. 2005 Wearable Electronics and photonics. (Hong Kong: The Hong Kong Polytechnic 

University) p 205.  

[2] H.R. Mattila. 2006 Intelligent textiles and clothing (Cambridge: Woodhead Publishing Limited 

and CRC Press LLC) p 506. 

[3] Baurley, S. 2004 Interactive and experiential design in smart textile products and applications. 

Pers. Ubiquitous Comput., 8, pp 274–281. 

[4] Post, E.R.; Orth, M.; Russo, P.R.; Gershenfeld, N. 2000 E-broidery: Design and fabrication of 

textile-based computing. IBM System Journal, 39, pp 840–860. 

 

 

 



 

 

 

 

 

 

Sound absorption of textile material using a microfibres 

resistive layer 

M P Segura Alcaraz,  M Bonet-Aracil
1
, J G Segura Alcaraz

2
 and I Montava 

Seguí
1
 

1 Universitat Politécnica de València, Escuela Politécnica Superior de Alcoy, 

Departamento de Ingeniería Textil y Papelera, Plaça Ferrándiz i Carbonell s/n, 03801 

Alcoi, Alicante, España 

2 Universitat Politécnica de València, Escuela Politécnica Superior de Alcoy, 

Departamento de Mecánica de los Medios Continuos y Teoría de Estructuras, Plaça 

Ferrándiz i Carbonell s/n, 03801 Alcoi, Alicante, España 

E-mail: maboar@txp.upv.es 

Abstract. Acoustic comfort is a basic human need. One of the adverse effects of noise is its 

interference with speech discrimination. Textile materials are suitable to be used as sound 

absorptive materials and thus help to improve acoustic comfort in rooms. Micro-fibre fabrics 

can be considered as better sound absorbers than regular fibre fabrics mainly due to the higher 

surface of its fibres and bigger contact area with the air thus, allowing greater dissipation of 

sound energy. In this work, the use of a microfibre woven fabric as an upstream layer is 

analysed considering acoustic issues. Authors demonstrate it improves the sound absorption of 

a polyester nonwoven, resulting in a material suitable for absorption at the sound frequencies 

of the human voice. 

1.  Introduction 

Human beings have a need of comfort. Acoustic comfort is a significant part of this need. Noise 

interferes with speech discrimination, and can result in problems with concentration, fatigue, 

misunderstandings, lack of self-confidence, irritation, decreased working capacity, problems in human 

relations, and a number of reactions to stress [1]. Recently, researchers are focused on developing new  

products such as new lightweight and even translucent textile curtains that absorb sound very well 

have been developed [2]. Even though, hollow spheres have been developed and evaluated from the 

sound absorption [3].  

Historically, textile materials have been widely used in public places like theatres in the form of 

curtains, carpets and upholstery, in order to improve their sound quality.  Speech intelligibility is also 

essential in places like classrooms, restaurants, offices, libraries, factories, and public places in 

general. Textile materials based on polyester fibre have advantages like low density, flexibility and 

easy handling. Polyester can be recycled and brings the possibility to vary fibre parameters such as 

shape and size of its cross section, curling or frizzling, hollow fibres, polished or dull surface, as well 

as the use of additives to increase its fire or UV resistance. Fibrous materials need to be protected for 

cleaning, mechanical strength, to avoid particle shedding, or for aesthetical reasons. In these case, it is 

very common to cover the fibrous material using a nonwoven veil, light panel or perforated panel in 

different materials. This upstream layer can modify the absorption of the ensemble [4]. Micro-fibre 

fabrics are described as better sound absorbers than regular fibre fabrics [5] because of the higher 



 

 

 

 

 

 

surface of its fibres and bigger contact area with the air, allowing thus greater dissipation of sound 

energy. 

The aim of this project is to compare the influence of the fabic´s structure in the sound absorption 

properties. For this study two different fabrics were used, a twill and a terry one. Fabrics were placed 

on the top of a nonwoven structure with different thickness. Results evidence that the selectivity of the 

absorption depends on the type of fabric used. The twill fabric produces higher selectivity than the 

terry towel in all combinations tested. 

 

2.  Experimental 

2.1.  Materials 

A microfibre fabric is added as a resistive layer onto a polyester nonwoven. Then its sound absorption 

coefficient is measured in an impedance tube. 

Two different fabrics have been tested as a resistive layer. Both are microfiber woven fabrics made 

with polyester (PES) and polyamide (PA)  in the ratio PES/PA 80/20. The first one has a crossed twill 

design and the second one is a terry towel fabric. They are shown in figure 1. 

 

  

Figure 1. Microfibre fabrics. Twill on the left and terry towel on the right 

 

The nonwoven is made of 63 mm long polyester fibres with circular cross section and without crimp. 

After analyzing them using a Lenzing Instruments Vibroscope, their fineness is found to be 12,33 

dtex. The nonwoven is obtained by dry-laid method from stapled fibres, with thermal bonding by 

employing some fibres with a lower melt point in the mix. Nonwoven thickness is 15 mm. 

The essayed combinations of fabric and nonwoven are as shown in figure 2:  

a) One layer of 15 mm non-woven.  

b) One layer of fabric plus one layer of 15 mm nonwoven, being the fabric layer on the side 

of the sound source.  

c) Two layers of fabric and between them one layer of nonwoven.   

Combinations b and c are also tested using 30 and 45mm of nonwoven instead of 15mm. 

 

 

 
 

 

 

 

 

Figure 2. Combinations of fabric (coloured) and nonwoven (white). 

2.2.  Sound absorption coefficient 



 

 

 

 

 

 

Sound absorption coefficients are measured following the method described in ISO 10534-2: 

Acoustics. Determination of sound absorption coefficient and impedance in impedance tubes. Part 2: 

Transfer-function method. In this method, a sound wave strikes the material perpendicularly, allowing 

to measure the normal incidence sound absorption coefficient. It requires an impedance tube, two 

microphones and a digital system for the signal treatment. Every test is conducted with 3 samples, 

which are tested for each combination of fabric-nonwoven. Measurements are performed at 2950 

different frequencies between 400,390625 Hz and 4000,244141. These frequencies are chosen due to 

the diameter of the available tube (40mm). 

 

 

  

 

Figure 3. Scheme of the apparatus used 

to measure the sound absorption 

coefficient, where:  

1) is the sample 

2) the two microphones (G.R.A.S. 

model 40AO) 

3) the data acquisition system (NI-9233)  

4) the PC, and 

5) the sound source 

 

To perform the test the sample is placed at the end 1 of the impedance tube as shown in figure 3. The 

sample should fit snugly to the sample holder without being compressed or improperly adjusted so 

firmly that it is convex. Is possible to use vaseline or interstices sealing wax, grease or cover the entire 

edge. Plane waves are generated in the tube by the sound source, and the pressure in two near 

positions is measured. Using a Matlab function designed for this purpose, the transfer function of the 

complex acoustic signals at the two microphones, used in this case to calculate the absorption 

coefficient from normal incidence, reflection coefficient is determined. As explained in the above 

mentioned ISO 10534-2 standard, this coefficient is determined according to equation 1: 

 

         𝑟 =
𝐻12−𝐻𝑖

𝐻𝑅−𝐻12
∙ 𝑒2∙𝑗∙𝑘0∙𝑥1          (1) 

Where: 

H12 = complex transference function,  

HR = transference function from the reflected wave,  

k0 = complex wavenumber  

x1=  distance between sample and microphone.  

Knowing this, then the sound absorption coefficient for normal incidence can be obtained by the 

equation 2:  

              𝛼 = 1 − |𝑟|2         (2) 

 

Results 

Results show than when one or two layers of microfibre fabric are added to the nonwoven, 

combinations b and c, a significant increase in the absorption coefficient is obtained, as shown in 

figure 4.  

In the case of twill, the addition of a first layer of fabric, combination b, produces a high increase in 

the absorption, especially at frequencies near to 400 Hz. This increase is less noticeable as frequency 

approaches to 4000 Hz. When adding a second layer of twill fabric, combination c, the frequency of 

maximum absorption decreases about 400 Hz as shown in table 1. Besides, the shape of the curve is 

narrower for absorptions from 0,7 to 1. Another effect shown in figure 4 is that the absorption 



 

 

 

 

 

 

obtained using combination c (two layers of twill and between them one layer of nonwoven) is lower 

than that obtained using combination b in all frequencies over 1155 Hz. 

When terry towel is used in the combination, the addition of a first layer of fabric also increases the 

absorption, but in this case the maximum absorptions are above 2300 Hz. In this area, the sound 

absorption coefficient stays over 0,9 though all the frequencies up to 4000 Hz. When a second layer of 

terry towel is added to form the combination c, the variation of the sound absorption coefficient is 

minimum, as shown in figure 2. The frequency of maximum absorption is placed around 3000 Hz in 

both combinations b and c as seen in table 1. 

 

Table 1.  Frequency of maximum absorption in combinations a, b and c, using twill and terry towel 

fabrics. 

Combination Frequency Twill (Hz) Frequency Terry (Hz) 

a) nonwoven 15mm 4000 4000 

b) fabric+ nonwoven 15mm 1322 2982 

c) fabric+ nonwoven 15mm+ fabric 903 3020 

 

Considering that the sound absorption coefficient of a material must be higher than 0,5 [6] to be 

considered as an absorbing material, this level is not achieved by the nonwoven by itself (combination 

a).  

When combining one layer of fabric plus one layer of 15 mm nonwoven, being the fabric layer on 

the side of the sound source (b) or two layers of fabric and between them one layer of 15 mm 

nonwoven (c), the total number of frequencies in which the sound absorption coefficient is higher than 

0,5 is different for each type of fabric. 

 

When the layer of nonwoven is 30 and 45 mm thick, the figure 5 shows how the addition of a 

second layer of fabric does not vary the curve significatively. 
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Figure 4. Sound absorption coefficients of combinations a, b and c of fabric and 15mm nonwoven. 

 

 

 

Figure 5. Sound absorption coefficients of combinations of fabric and 30 and 45 mm nonwoven. 

 

 

4. Conclusions 
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The addition of a microfiber fabric to a layer of 15,30 or 45 mm nonwoven, being the fabric layer on 

the side of the sound source (combination b) brings a modification of the acoustic absorption of the 

system fabric-nonwoven. The cause of this increase can be the formation of a Helmholtz resonator 

assembly. In this sort of resonators the neck is of special interest, as it is the area in which the speed of 

the wave is higher and the viscous effect is more important for the dissipation of the sound energy. In 

this case, the neck is formed by the microfiber yarns of the fabric.  

When the layer of nonwoven is 15mm thick, the modification of the absorption is different depending 

on the type of fabric. Twill, with all floats of yarn perpendicular to the direction of the wave sound, 

forming numerous micro slits of various sizes offers better absorption at lower frequencies. On the 

other hand terry towel, in which some yarns create loops, being a part of these loops in the same 

direction as the wave, increases the absorption at higher frequencies. The effect of adding a second 

layer of fabric to the assembly is also different depending on the type of fabric. In the twill assembly, 

there is a movement of the curve towards lower frequencies. As this fabric is right in contact with the 

rigid wall, no absorption for friction is expected, so possibly this is produced by the vibration of the 

floats of the fabric, that probably are similar to the strings of a guitar. This effect does not appear in 

the terry towel assembly. In this case the yarns are looser, forming loops with a free end that move 

with less restriction than floats and do not absorb so much energy.  

When the layer of nonwoven is thicker, like 30 or 45mm, the effect of moving the curve towards lower 

frequencies does not appear, independently of the type of fabric. In these cases, the results are very 

similar when combining one layer of fabric plus one layer of nonwoven, being the fabric layer on the 

side of the sound source like in combination b, or two layers of fabric and between them one layer of 

nonwoven like in combination c. 

The selectivity of the absorption depends on the type of fabric used. The twill fabric produces higher 

selectivity than the terry towel in all combinations tested. The effect of adding a second layer of 

microfiber fabric to the assembly on the side of the rigid wall (combination c) causes a movement of 

the curve towards lower frequencies. As this fabric is right in contact with the rigid wall, no absorption 

for friction is expected, so possibly this is produced for the vibration of the floats of the fabric. This 

desirable effect is counteracted by the narrrowing of the curve which shows an increase in its 

selectivity, and the decrease of the absorption at higher frequencies. 
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Abstract. For the development of niche products like smart textiles and other 

functional high-end products, resource-saving production processes are needed. Niche 

products only require small batches, which makes their production with traditional 

textile production techniques time-consuming and costly. To achieve a profitable 

production, as well as to further foster innovation, flexible and integrated production 

techniques are a requirement. Both digital inkjet printing and UV-light curing 

contribute to a flexible, resource-efficient, energy-saving and therewith economic 

production of smart textiles. In this article, a smart textile UV-sensor is printed using a 

piezoelectric drop-on-demand printhead and cured with a UV-LED lamp. The UV-

curable ink system is based on free radical polymerization and the integrated UV-

sensing material is a photochromic dye, Reversacol Ruby Red. The combination of 

two photoactive compounds, for which UV-light is both the curer and the activator, 

challenges two processes: polymer crosslinking of the resin and color performance of 

the photochromic dye.  

Differential scanning calorimetry (DSC) is used to characterize the curing efficiency 

of the prints. Color measurements are made to determine the influence of degree of 

polymer crosslinking on the developed color intensities, as well as coloration and 

decoloration rates of the photochromic prints. Optimized functionality of the textile 

UV-sensor is found using different belt speeds and lamp intensities during the curing 

process.   

 

Keywords: UV curing, digital inkjet printing, smart textile, photochromic 

 

1. Introduction 

Over the past decades, smart textiles and other high-end niche products have received increasing 

attention in research. Yet, a limited amount of products is on the market. Resource-efficient 

production processes like digital inkjet printing and UV-LED curing have large potential to make 

smart textiles and other textile niche products economically viable. These processes enable a textile 

production with minimized use of water, chemicals and energy and a minimized production of waste 

[1-6]. Furthermore, they make a small-batch production profitable [4, 6]. Resource-efficiency does not 

only make the production of products with high material cost economical, but also fosters 

sustainability and process flexibility, which gives the potential to innovate for the textile industry in 

European countries.  

Recently, the number of research activities about the use and exploration of photochromic dyes in 

textiles increased [7-11]. Photochromic dyes can reversibly change colour upon irradiation with UV-



light. Photochromic dyes, as in organic heterocyclic compounds, undergo isomerization triggered by 

high photoelectric energy from a ring-closed colourless state to a ring-opened coloured state [12]. This 

study explores a resource-efficient production of a UV-sensing smart textile based on a commercial 

dye Reversacol Ruby Red, which is printed using digital inkjet printing and cured with UV-LED light. 

Hereby, the two functions of UV-light, as initiator for the curing reaction and as activator of the colour 

switching, are analysed. The production process of the textile UV-sensor is characterized and 

optimized in terms of its maximum developed colour intensity, reaction rates of coloration and 

reversion and degree of polymer crosslinking of the print on the fabric.  

 

2. Experimental Part 

Photochromic inkjet ink consisting of a UV-curable carrier and commercial photochromic dye 

Reversacol Ruby Red (Vivimed Labs, UK) was used to produce photochromic prints on plain-woven 

polyester fabric of 147 g/m2 (FOV Fabrics, Sweden). Photochromic prints were produced by digital 

inkjet printing using a piezoelectric printhead; Sapphire QS-256/10 AAA (Fujifilm Dimatix, USA). 

Printing was made in multi-pass mode with 3, 5 and 10 passes at a resolution of 300 dpi. The prints 

were cured with a FireJet UV-LED lamp (Phoseon Technology, USA) with emission wavelengths of 

380 to 420 nm and a maximum emission power of 6 W/cm2. Curing parameters were varied by i) 

change in transportation speed of the print passing the UV-source, i.e. conveyer belt speed, and ii) 

intensity of the maximum UV-LED lamp power, i.e. lamp intensity. Conveyer belt speeds were either 

50 mm/s or 300 mm/s and were combined with 1%, 25% or 80% of the maximum lamp intensity as 

shown in Figure 1. 

 

Figure 1. Production scheme of printing and curing of photochromic prints on polyester fabric. 

 

To optimize the textile UV-sensor, the degree of polymerization of the UV-curable ink was studied by 

characterization of the thermal transition properties of the ink on the polyester fabrics by DSC. 

Photochromic UV-curable ink on polyester fabric was studied by heating from 25°C to 290°C and 

thereafter cooling to 25°C at a scanning rate of 10°C per minute. To determine the photochromic 

prints’ colour performance, colour measurements were made using a custom-made LCAM 

Photochrome spectrophotometer (Technical University of Liberec, Czech Republic), which enables 

continuous colour measurements upon cycles of UV-activation and reversion [13]. Measures to 

characterize the sensor’s functionality are the achieved colour yield ΔK/S, coloration rate and 

reversion rate upon isomerization between the uncoloured and coloured state.  

 

3. Challenges and Conclusion 

Digital inkjet printing and UV-LED curing are promising production processes for a sustainable, 

economic and flexible production of smart textiles. To produce a textile UV-sensor based on 



photochromic dyes with these processes, challenges the resulting functionality of the sensor. The 

intensity of UV-light and speed under which the print passes the light source influences the 

photochromic dye during the curing process. We investigate the process and optimize the 

photochromic functionality; high colour yield, fast switching between colourless and coloured forms 

and optimal degree of polymer crosslinking to achieve sensor durability after washing.  

We have found that high conveyer belt speed and low lamp intensity allow faster colour switching 

compared to stronger curing conditions and achieve high colour yields after washing despite a lower 

degree of polymer crosslinking.  

To conclude, an optimized textile UV-sensor based on a commercial photochromic dye, Reversacol 

Ruby Red, can be produced resource-efficiently using digital inkjet printing and UV-LED curing.  
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Abstract. In this study, smart stimuli responsive cotton fabric was tailored by incorporation of 

temperature and pH responsive hydrogel with two different hydrogel particle size ranges, namely 

microgel and nanogel. Both hydrogels were based on temperature responsive poly(N-

isopropylacrylamide) (poly-NiPAAm) and pH responsive chitosan (PNCS hydrogel). Hydrogels 

were incorporated onto cotton fabric, in order to study the influence of hydrogel particle size on 

the stimuli responsive properties, as well as morphological and chemical changes. Regardless of 

hydrogel particle size, improved air and moisture management activity of the functionalised 

fabric was achieved. Reduced size of nanogel somewhat influenced swelling ability of the 

functionalised fabric, although regardless of 4-times smaller concentration of applied hydrogel, 

comparable responsiveness and great decrease of stiffness was achieved. 

1. Introduction 

Smart textile materials, which offer improved comfort by interacting with the wearer, can be created by 

application of stimuli responsive hydrogels. Among them, temperature and/or pH responsive ones are 

of great importance, since both stimuli, e.g. temperature and pH are of physiological meaning. Thus to 

assure dual temperature and pH responsiveness, hydrogels based on poly-(N-isopropylacrylamide) 

(poly-NIPAAm) and chitosan (PNCS hydrogels) can be synthesised. Poly-(N-isopropylacrylamide) 

(poly-NiPAAm) is the most extensively investigated synthetic temperature responsive polymer, which 

displays reversible phase transition (hydration-dehydration) at lower critical solution temperature 

(LCST) in aqueous solution at ~32 °C. Below LCST, the polymer is in coil conformation and is soluble 

in water. With raising temperature, sharp coil-to-globule transition occurs at the LCST, due to the rather 

complex polarity of the molecule, hence hydrophobic association is made. Chitosan is polysaccharide, 

known for its biocompatibility, non-toxicity and pH responsiveness. The latter is based on weak basic 

moieties (amino groups), attached to a hydrophobic backbone. Upon ionization at pH below ~6.5, amino 

group protonate and the charge is imparted over the molecule [1, 2]. PNCS hydrogel can absorb and 

retain moisture when temperatures are below LCST of poly-NiPAAm and below pKa value of chitosan, 

hence, the hydrogel shrinks and therefore expels water, when temperatures rise above LCST and pH 

values increases. Thus, when applied on textile, PNCS hydrogel influences moisture content of the fibres 

as well as air permeability, consequently granting controlled thermo-regulation properties to the fabric 

[3].  



 

 

 

 

 

 

For the chemical modification of textiles, size of the hydrogel particles is of a great importance, since it 

influences the rate of the volume phase transition [4, 5] as well as handling properties of functionalised 

fabric, whereas hydrogels of micro- and nanosized particles are used. It is believed that dimensions of 

the responsive hydrogel particles and the rate of the volume phase transition are inversely proportional 

[4]. Accordingly, smaller particles size reflects in greater control over swelling and shrinking, and thus 

of releasing of previously incorporated substances, which is ascribed to the greater specific surface area 

of the hydrogel nanoparticles [6].  

To our knowledge, there is no available study on direct comparison of temperature and pH 

responsiveness of textiles functionalised by the hydrogels of the same composition, but of different 

particle size. Therefore, in the present research, the influence of the micro- and nano-hydrogel on stimuli 

responsive properties of surface modifying system, as well as its influence on morphological and 

handling properties of textile material, was studied. For this purpose, PNCS microgel and PNCS nanogel 

with proportionate chitosan to poly-NiPAAm ratio were synthesized and applied to cotton fabric.  

2. Experimental 

2.1 Materials 

In this study, 100 % cotton fabric with 165 g/m2 mass area was used. For the preparation of the PNCS 

microgel, chitosan (Chitoclear, Primex, Iceland; DD = 95%; η = 159 mPa), glacial acetic acid (Sigma 

Aldrich), N-isopropylacrylamide (NiPAAm) (Sigma Aldrich), N,N-methylenebisacrylamide (MBA) 

(Sigma Aldrich) and ammonium persulfate (APS) (Sigma Aldrich), were used. For the preparation of 

PNCS nanogel, N’-tetramethylethylenediamine (TEMED) (Sigma Aldrich) was added to synthesis.  

2.2 Hydrogel synthesis, characterisation and application  

PNCS microgel (PNCS_M) was synthesised as reported by Tourrette [2] and synthesis of the PNCS 

nanogel (PNCS_N) was conducted according to slightly modified method reported by Bashari [5], with 

preserving chitosan to poly-NIPAAm ratio the same as for the PNCS microgel.  

The particle size of dispersed microgel (PNCS_M sample) and nanogel (PNCS_N sample), in 

correspondence with changes in temperature and pH were determined with dynamic light scattering 

(DLS) analysis, on Zetasizer Nano S (Malvern, UK), equipped with 4mW He-Ne laser operating at 

wavelength 633 nm and an avalanche photodiode detector. Scattering light was detected at an angle of 

173°. Microgel was diluted 500 times and nanogel 50 times. Particle size was determined at pH 7 and 

temperatures ranging from 20- to 40°C in 5°C intervals and at pH 3 and 10 at 20- and 40°C. To achieve 

pH 3 and 10, salts based buffer solutions were used for diluting the samples. 60 µL of sample was used 

for each measurement, results are an average of 3 measurements.   

PNCS microgel (sample CO_PNCS_M) and PNCS nanogel (sample CO_PNCS_N) were applied to 

cotton fabric using pad-dry procedure with 80% wet pick-up. Coated samples were dried for 5 minutes 

at 80°C. Sample code for untreated cotton sample is UN_CO. 

2.3 Analysis and measurements 

Morphological changes of studied samples were determined using scanning electron microscope FE-

SEM Zeiss SUPRA 35VP, at an accelerating voltage of 1 kV. Before observation, the samples were 

coated with Pd. 

Temperature responsiveness of the samples was assessed by measuring moisture content using a 

Moisture analyser MLB-C (Kern & SOHN GmbH, Germany). Studied samples were pre-conditioned at 

65±2% relative humidity at 20 and 40°C for 24 h, before they were put in a moisture analyser and dried 

at 60°C until the constant mass. Moisture content (MC) was determined by following equation: 

  𝑀𝐶 = (
𝑚0−𝑚𝑓

𝑚0
) × 100 [%],              (1)  

where mo denote the initial mass of the pre-conditioned sample and mf the final mass of the sample after 

drying. MC was reported as mean values of ten measurements. From the results of MC, contribution 



 

 

 

 

 

 

of functional coating to the moisture content of cotton fibres (CMC), was determined by 

following equation: 

𝐶𝑀𝐶 =
𝑀𝐶𝐹−𝑀𝐶𝑈𝑁

𝑀𝐶𝑈𝑁
× 100 [%],  (2) 

 

where MCF is MC of functionalized finished sample and MCUN, MC of unfinished cotton sample. 

 

Water vapour permeability was determined according to the standard method UNI 4818-26, and 

performed at 65% relative humidity either at 20 or at 40°C.  Water vapour transmission rate (WVTR) 

was calculated by next equation: 

 𝑊𝑉𝑇𝑅 = (
∆𝑚×24

𝑆×𝑡
) [g/m-2 day],   (3) 

where Δm corresponds to the change of mass [g], S is the testing area of the fabric sample [m2] (actual 

value 70.68 mm2) and t is the time of testing [h] (actual value 24 h). Results represent an average of 

seven measurements.   

In order to evaluate dual, pH and temperature responsiveness of the PNCS microgel and nanogel, the 

samples of known mass were immersed in buffer solutions of different pH, i.e. 3, 6.5 and 10 for 30 

minutes, at two different temperatures, i.e. 20 and 40°C. Afterwards, the samples were taken from the 

buffers and weighed. Water uptake (WU) was determined by following equation: 

 𝑊𝑈 = (
𝑚𝑤−𝑚0

𝑚0
) × 100 [%]    (4) 

where mw is the weight of the sample taking up water [g] and mo is the initial weight of sample [g]. WU 

are reported as mean values of ten measurements.  

Stiffness of finished and unfinished samples was determined according to standard ASTM D1388-64. 

Stiffness in warp direction was determined, using following equation: 

𝑈𝑤𝑎𝑟𝑝 = 𝑇 × (
𝑙𝑤𝑎𝑟𝑝

2
) × 0.1 [𝑚𝑔 𝑐𝑚],   (5)                               

where Uwarp represents stiffness in warp direction [mg cm], T is mass area [g/m2], lwarp is bending length 

in warp direction [cm]. 

3. 3. Results and discussion 

3.1 Hydrogels characterisation 

DLS analysis was employed in order to investigate particle size of the studied hydrogels in dependence 

of changes in temperature and pH of the intermediate environment. Swelling and deswelling ability of 

PNCS_M and PNCS_N hydrogel particles triggered by the change of temperature and pH is shown in 

Fig. 1a. Faster and more dramatic response of PNCS_N hydrogel in comparison to the PNCS_M was 

observed. Namely, when in fully swelled phase (20°C and pH 3) the estimated particle size in the 

nanogel was of 501 nm, which reduced for 84% by the increase of temperature and pH, when particles 

where in their full dehydrated phase. In this case, the size of the nanoparticles ranged 87 nm. In the case 

of PNCS_M particle size of 699 nm was determined at conditions dictating their fully swollen phase. 

When triggering their deswelling, rapid agglomeration of the microgel particles took place. Dehydrated 

particles tend to form large clusters, enabling determination of their size at 40°C and pH 10. 

Nevertheless, when in their partially dehydrated phase, i.e. 40°C and pH 6.5, reduction of particles size 

up to 405 nm was obtained. In addition, estimation of particle size triggered by only gradual change of 

the temperature was made (Fig. 1b). In this case a broad LCST of both hydrogels was obtained, ranging 

from 25 to 35°C for PNCS_M and 25 to 40 °C for PNCS_N. 

 



 

 

 

 

 

 

 
 

 

Figure 1. Hydrodynamic diameters of PNCS_M (full line) and PNCS_N (dashed line) as a function of 

a, temperature at pH 7 (20, 25, 30, 35 and 40 °C) and b, function of temperature (20, 40°C) and pH 

value (pH 3, 6.5 and 10). 

3.2 Morphological and chemical properties 

Morphological changes of the functionalised samples were examined by SEM (Fig. 2). PNCS microgel 

particles appeared in the form of unevenly scattered bulges, of 300–500 nm in diameter on the surface 

of the CO_PNCS_M sample, which is in agreement with DLS data. Despite high magnifications, the 

presence of the PNCS nanogel particles could not be observed on the surface of the CO_PNCS_N 

sample, hence it can be inferred that nanogel must have formed a film, which appeared to smoothened 

the fibre surface.  

 

 

 

 

 

 

 

 

Figure 2. SEM images of a, UN_CO, b, CO_PNCS_M and c, CO_PNCS_N at 20 000 times 

magnification.  

 

3.3 Temperature responsiveness 

To study temperature responsiveness of the samples, moisture content (MC) and water vapour transition 

rate (WVTR) analysis were made at 20°C and 40°C (Fig. 3). While both samples exhibited greater MC 

at 20°C, reflecting in almost 40% increase in comparison to the untreated cotton fabric, the latter strongly 

decreased at 40°C (Fig 3a). Decreased MC was less pronounced in the case of the CO_PNCS_N sample, 

which can be ascribed to the smaller deposition of the nanogel as in the case of microgel application. 

This assumption was further supported by the add-on determination, which amounted 10.4% in the case 

of CO_PNCS_M sample and 2.5% in the case of CO_PNCS_N sample. Thus, at 40°C the hydrophilic 

character of cotton fibres must have hindered the hydrophobic nature of the PNCS nanogel particles, 

reflecting in only 20% decrease of the MC. WVTR analysis (Fig. 3b) showed greater air retention at 

lower temperatures and increased air release at higher temperatures of CO_PNCS_M sample in 

comparison to the CO_PNCS_N sample. Namely, application of nanogel contributed only to the release 

of water vapour at 40°C, while at swollen state at room temperature WVTR was practically the same as 
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for the untreated sample. Most likely nano-sized particles of the PNCS_N hydrogel could not close the 

pores between the fibres, due to film-like distribution of applied nanogel on the fibre surface, thus 

impairing water vapour retention. 

 

 
 

 

Figure 3. a, Contribution (CMC) of the PNCS microgel and nanogel application to the moisture 

content and b, water vapour transition rate (WVTR) of studied samples, at temperatures of 20- 

and 40°C. 

 

3.4 Temperature and pH responsiveness 

WU measurements were used to determine dual temperature and pH responsiveness derived from both 

poly-NiPAAm and chitosan in the PNCS micro- and nanogel. It can be seen from Fig. 4 that both 

functionalised cotton samples exhibited simultaneous temperature and pH responsiveness, since rising 

the temperature and pH caused overall decrease of water sorption. Thus, at pH 3 and 20°C, when both 

poly-NiPAAm and chitosan were hydrophilic and hydrogel particles exist in their swollen state, the 

highest WU was observed in the case of CO_PNCS_M sample. On the other hand, the lowest WU was 

found at 40°C and pH 10, when both components of the PNCS hydrogels were in their hydrophobic 

state. At this conditions CO_PNCS_N displayed the smallest WU, despite 4-times smaller ad-on in 

comparison to that obtained in the case of the microgel application.  

 

  
Figure 4. Water uptake (WU) of the studied samples obtained at pH 3, 

6.5 and 10, at a, 20°C and b, 40°C. 

3.5 Handling properties 

In Fig. 5 the results of the stiffness of the studied samples are shown. Using the same application 

procedure, deposition of the microgel influenced 8.8-times higher stiffness of the CO_PNCS_M sample 

in comparison to the untreated cotton. On the other hand, the nano-sized PNCS particles exhibited lesser 

-5

0

5

10

15

20

25

30

35

40

CO_PNCS_M CO_PNCS_N

C
M

C
[%

]

Sample20°C 40°C

24,54 17,66 25,72

66,22

80,07
77,96

0

20

40

60

80

100

UN_CO CO_PNCS_M CO_PNCS_N
W

V
T

R
 [

g
/m

-2
 d

a
y
]

Sample
20 °C 40 °C

100

105

110

115

120

125

130

pH 3 pH
6,5

pH
10

pH 3 pH
6,5

pH
10

pH 3 pH
6,5

pH
10

UN_CO CO_PNCS_M CO_PNCS_N

W
U

 [
%

]

Sample

100

105

110

115

120

125

130

pH 3 pH
6,5

pH
10

pH 3 pH
6,5

pH
10

pH 3 pH
6,5

pH
10

UN_CO CO_PNCS_M CO_PNCS_N

W
U

 [
%

]

Sample

b 

b a 

a 



 

 

 

 

 

 

impact on handling properties of the CO_PNCS_N sample, since the stiffness increased by only 2.6-

times higher. However, smaller impact on the handling properties of the nanogel in comparison to the 

microgel, can not only be ascribed to the smaller particles of the PNCS_N, but also to the smaller add-

on obtained in the application process, despite the same conditions used.   

 
Figure 5. Stiffness of the studied cotton samples determined 

in direction of warp yarns (Uwarp). 

4. Conclusion  

Regardless of the particle size PNCS hydrogel granted smart temperature and pH responsiveness to the 

cotton fabric. Irrespective of the impaired water expulsion of the nanogel particles (sample 

CO_PNCS_N) at conditions where poly-NiPAAm was in hydrophobic phase and smaller water 

absorption at 20°C and pH 3, reducing the hydrogel particle size from micro to nano level enabled 

several advantages: (i) 4-times smaller deposition of the hydrogel on the surface of cotton fibres along 

with (ii) preserved moisture absorption capacity at temperature below the LCST of poly-NIPAAm and 

(iii) greater water repulsion at 40 °C and pH 10, and lastly (iv) strong increase of handling properties of 

the functionalised cotton sample.  
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Abstract. One of the challenges in smart textiles is to develop suitable multifunctional 

materials that can address simultaneously several characteristics such as durability, 

stretchability, lightweight, and conductivity. Conductive polymers which showed success in 

different technological fields like polymer solar cells and light emitting diodes are promising in 

many smart textile applications. In this work, we treated a common polyamide/lycra knitted 

fabric with PEDOT:PSS for stretchable e-textiles. PEDOT:PSS, with DMSO as a conductivity 

enhancer and different ratios of water-based polyurethane dispersions as a binder, was applied 

to the fabric with simple immersion and coating applications. The effect of different 

application methods and binder ratio on the surface resistance of the fabric was monitored with 

four point probe electrical surface resistance measurement systems. Samples prepared by 

immersion technique are more uniform and have higher conductivity than those prepared by a 

coating technique. SEM images showed that PEDOT:PSS is incorporated into the structure in 

the immersion method while in the coating it is majorly present on the surface of the fabric. 

The tensile measurement showed that the acidic PEDOT:PSS and polyurethane dispersion 

coating has no adverse effect on the tensile strength of the fabric. The coated samples can be 

stretched up to 700% while still reasonably conductive. The resistance increases only by a 

small amount when samples were stretched cyclically by stretching 100%. Generally, samples 

prepared by the immersion method maintained better conductivity while stretching than those 

by a coating method. The washing fastness of the samples was also assessed.  

Keywords: Polyamide/lycra, PEDOT:PSS, stretchable conductive fabric, immersion, 

coating.  

 

1.  Introduction  

Recent researches focus on producing light weight, flexible, and stretchable conductive textile 

materials to fill different interests of human beings. Electrical and mechanical properties have become 
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increasingly important and widely used in characterizing smart materials, such as flexible electronic 

displays [1], and conductive stretchable materials [2]. There are a lot of intrinsically conductive 

polymers that gained recent attention. Among these polymers, poly (3, 4-ethylenedioxythiophene): 

poly (styrene-sulfonate) (PEDOT:PSS) is interesting materials due to its electromechanical properties, 

such as in chemical sensors and biosensors [3]. The most important feature of conductive polymer-

coated fabrics is the stretching induced change in surface resistance, offering the coated and immersed 

fabric stable applications as e-textiles. As a result, being flexible, stretchable, and even lightweight 

properties becomes possible. Therefore, in order to overcome these challenges, the idea of producing 

electrically conducting textiles has become important for various applications such as serving as 

electrodes and active materials for various energy and electronics devices. 

In this study, we extend the application of PEDOT:PSS polymer to polyamide/lycra knitted fabric 

using immersion and coating techniques, and studied the electrical and mechanical properties and its 

sensitivity to strain and cyclic strain, and washing stability. 

2.  Experimental 

2.1 Materials  

Polyamide/lycra knitted fabric with 78/44 Dtex; 0.74 mm thickness was used for immersion and 

coating using PEDOT:PSS with a concentration of 1.3% by weight from Heraeus, GmbH, Germany. 

Dimethyl sulfoxide (99.8%), from Sigma-Aldrich, water-based polyurethane dispersions (U2101, 

U3251, and U4101) (40-60 wt%) from Alberdingk Boley, were used as conductivity enhancer and 

binder, respectively. In order to improve the rheology, in the case of coating application, we used Gel 

L75N (48 wt%); hydrophobically modified ethoxylated urethane from Borchers GmbH, Germany. 

2.2 Methods  

 

Coating and immersing polyamide/lycra fabrics in an aqueous dispersion of PEDOT:PSS, various 

water-based polyurethane dispersion binders, and rheology modifier (for coating only) followed by 

drying at 90 oC for 30 min and curing at 130 oC for 5 min, conductive PEDOT:PSS-coated and 

immersed fabrics were prepared. The electrical surface resistance was measured via an in-house 

designed four point probe method connected to a multimeter (Agilent 3401A) using Van der Pauw 

method. Tensile testing of samples was carried out with an Instron tensile tester (model 5565A) at a 

cross-head speed of 10 mm min -1. The measurements were taken both in the warp and weft directions 

for three times, and the averages were reported. Domestic laundry washes and drying procedures of 

Type 3A reference with a standard for washing textile testing (ISO 6330:2012), were performed to 

observe the durability of the conductivity of immersed and coated samples against washing with 100% 

polyester ballast against. Scanning Electron Microscopy images were taken with a Leo Ultra 55 SEM 

equipped with a field emission gun (LEO Electron Microscopy Group, Germany) and a secondary 

electron detector. The acceleration voltage was 3 kV. Samples were cut by a razor blade. Untreated 

sample was sputtered with gold. 

3.  Results and discussion 

One of the most important parameters in e-textiles is conductivity, which affects the performance of e-

textiles.  It was measured that the surface resistances of PEDOT:PSS-coated and immersed fabrics 

were about 2-20 and 9-65 kΩ/square using immersion and coating methods, respectively. It can be 

seen that the two kinds of producing conductive fabrics exhibited different orders of surface resistance 

values with the same amount of PEDOT:PSS concentration. In both cases, lower electrical resistance 
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was observed when the fabric was treated using immersion method. This could be attributed to in 

immersion methods the PEDOT:PSS was sufficiently incorporated onto the surface of the fabric. 

It is obvious that as the concentration of PU dispersion increases, the surface resistance values 

increases. The result clearly showed that immersion method gave better electrical conductivity results 

than the coating method. This means in immersion the PEDOT:PSS is sufficiently absorbed into the 

interior of the fabric as evidenced by the SEM image in Figure 1. 

 
Figure 1. SEM images of the untreated and treated samples. 

Washing fastness is an important parameter for any textile finishing. The washing fastness with 

various concentrations of PU dispersions in immersion methods was also checked, and the result 

confirmed that the samples were still reasonably conductive after 10 washing cycles.  

The surface morphologies of the conductive fabrics were investigated using scanning electron 

micrograph (SEM), and SEM images showed that PEDOT:PSS is incorporated into the structure in the 

immersion method while in the coating it is majorly present on the surface of the fabric. These 

aggregates of PEDOT:PSS and PU dispersion into the fabric surface make the conductive surface 

resistive to vigorous washing actions which indicate their strong adherence to the PEDOT:PSS coated 

layer. For this reason, low surface resistance was observed in immersion samples. The tensile 

measurement showed that the acidic PEDOT:PSS, polyurethane dispersion coating has no adverse 

effect on the tensile strength of the fabric as shown in figure 2. 

 
Figure 2. Stress strain graph of samples. 

The surface resistance was almost back to its original value after one minute relaxation time. The 

electrical surface resistance increased during elongation process and decreased during relaxation 

process with 100% extension. This could be attributed to polymer film breaks apart during elongation; 

even though there is better contact within fabric when stretching. The coated samples can be stretched 
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up to 700% while still reasonably conductive. The resistance increases only by small amount when 

samples were stretched cyclically by stretching 100%. Generally, samples prepared by the immersion 

method maintained better conductivity while stretching than those by a coating method.  
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Abstract. A first study focused on the realization of a 100% Polyvinylidene fluoride woven 

fabric. The multi-filaments produced by melt spinning and studied by FTIR, X-Ray and DSC, 

were optimized in the β-phase, 97%, thanks drawing ratio of λ=5, and the processing 

temperature, 90°C.  When the polar β-phase achieves a certain level in PVDF, the woven 

material is poling with fields up to about 6kV. DMA tests coupled to a Keithley voltmeter 

allow the solicitation of PVDF fabrics. A variation of voltage is obtained in compression, with 

a maximum output voltage of up to 2,3V. The other part of the study explains premises of a 

tricomponent fibre development, PEHD/PVDF/PA12. Two layers of conductive polymers 

acting as electrodes are placed on either side of the PVDF layer. The interfacial adhesion 

between the three different layers is analysed by SEM. The maximum stretch on melt spinning 

was fixed at 2.5 and the β-phase of the PVDF measured by X-Ray. 

Introduction 

Recovering energy from our environment has become a major research topic over the years. Textile as 

one of the main interfaces between man and his environment is no stranger to all of this. Thus the 

smart textiles were interested in this new theme using in particular the movements of the human body. 

By keeping in mind the electromechanical conversion , since the discovery of the piezoelectric 

character of Polyvinylidene fluoride (PVDF) in 1969 by Kawai[1], this polymer is widely used in 

order to develop energy harvesting systems. 

 

Besides piezoelectric, pyroelectric and ferroelectric properties, many other properties such as high 

chemical resistance and good thermal stability define the PVDF. Nevertheless PVDF is often studied 

because of its piezoelectric response. This latter can be obtained when the PVDF crystallizes under the 

β-phase. Indeed, this polymer has the particularity of being able to crystallize under 2 main phases. 

The transformation from one phase to another depends on the conditions of application of the material 

by solvent, melting and stretching techniques or annealing conditions. The main phase, α, also called 

Form II, trans-gauche conformation TGTG’ (G= gauche, T=trans and G’= anti-gauche) is a non-polar 

phase due to the placement of the dipole antiparallel, which gives a global dipole moment zero, 

without piezoelectric property. It is the most stable phase of PVDF and is formed directly from the 

cooling of the melt. The β-phase, Form I, recognized for its piezoelectric property is of conformation 

TTTT, all trans. It is the crystalline phase of PVDF with the highest spontaneous polarization. The 

dipoles associated with the molecules are individually parallel, which allows a non-zero global dipole 

moment. The principal means to obtaining the β-phase of PVDF is mechanical stress. When α-phase 

PVDF is mechanically stretched with a certain drawing ratio at given temperatures, the non-polar α-

phase converts to the polar β-phase. The mechanism of transformation of the α-phase in β-phase 

during stretching has been discussed by several authors. It has been shown that the temperature range 

for obtaining the β-phase varies between 50 and 145°C [2] for stretching ratios between 1 and 7. Many 

authors have studied the optimization of this polar phase [3], like Salimi [4] who exhibits a PVDF film 



 
 
 
 
 
 

optimized at 74% β-phase by a ratio between 4.5 and 5 to 90°C. Mohammadi [5] optimizes a film with 

86.5% β-phase with a draw ration of 6.5 to 87°C.  

As a result of the studies on PVDF films, the researchers has turned to the manufacture of 100% 

PVDF filaments initially in the α-phase which have been extruded and stretched at temperatures and 

ratio similar to those of PVDF films. By passing through a spinning die composed of holes, the 

polymer will be transformed into filaments conducted on drawing rollers. During this process, PVDF 

is subjected to an axial uni-stretch during and after the crystallization leading to a molecular 

orientation. During stretching between the rollers, α-phase spherulites are stretched transversely in the 

stretching direction. The chains of α-phase extend more and more until they turn into β-phase [6]. The 

final crystal morphology is highly dependent on the spinning parameters used. Ferreira [7] shows 

filaments with a high β-phase rate (≈80%) obtained with a stretch ratio of 5 and temperature between 

80°C and 120°C. The optimum stretching conditions were studied and characterised by different 

experimental techniques such as Infrared spectroscopy [6], X-Ray diffraction (XRD) [8], Wide-angle 

and small-angle X-Ray scattering (WAXS and SAXS) [8] and differential scanning calorimetry 

(DSC). 

 

The development of a piezoelectric film or filament requires an electrical polarization step, which is 

essential to align dipoles. Indeed, during stretching, the molecular is oriented along the stretching 

direction and the dipoles are oriented perpendicular to the oriented chains. Two main methods are used 

to polarize and so to aligned the dipoles by subjecting the PVDF to a high electric field : poling by 

contact or corona [9]. The efficiency of PVDF piezoelectric effect depends on the applied polarization 

voltage, time and temperature. Mohammadi [5] proposes polarization of its material by discontinuous 

corona method to an electric field of 1,8MV/cm at 103°C for 10 minutes. A polarization at a 

temperature between 60°C and 100°C makes it possible to avoid breakdowns [9]. 

 

Some authors have developed textile structures with PVDF filaments and measure the piezoelectricity 

of textile structure to various processes. Soin [10] propose a 3D mesh fabric structure composed of 

monofilament of PVDF and PA66 wire coated with silver acting as electrodes within the textile 

structure. By compression, the peak values of the circuit voltage was to14V, at an applied pressure of 

0.106 MPa. Krajewki et Magniez [11] propose a PVDF filament woven with conductive fibres for 

electrodes. The responsiveness of the flexible textile PVDF sensors was tested under impact. The 

output voltage measured with these sensors was found to reach up to 6 V maximum.  

 
In this study, we aim to develop a fibre based textile structure optimized 100% PVDF piezoelectric 

and thus measure the output voltage resulting from the mechanical movements of the textile using 

Dynamic Mechanical Analysis, DMA. FTIR and DSC tests made it possible to evaluate the crystalline 

structure of polymer.  

 

Materials and experimental method 

Materials  

PVDF Kynar 705 was provided by Arkema (France). This polymer melts between 170°C and 175°C 

and has a density of 1.76 - 1.78 g/cm
3
. 

Melt-Spinning of the multi-filaments  

The production of the multi-filaments is obtained by melt-spinning pilot, Spinboy I Busschaert 

Engineering. The PVDF pellets are introduced into a feed hopper and covered in an extrusion screw. 

Extrusion process allows to melt the polymers through several temperatures zones, between 195- 

225°C and to pressurize it before passing through the spinneret.  The two spinnerets composed of 40 

holes each with a diameter of 1.2mm, give shape to the flow of material. At the spinneret exit, an air 

quenching is carried out in order to solidify the polymer. The rubbery polymer is conveyed to the 

alimentation roller (R1) and the drawing roller (R2), heated to 110 and 90°C respectively. The 

stretching rate applied, denoted λ, is the ratio of the speed of drawing roll to the speed of the 



 
 
 
 
 
 

alimentation roll. After stretching, the multi-filaments are wound onto a bobbin. Bicomponent and 

tricomponent multi-filaments were produced using the melt spinning pilot line of CETI (Centre 

Européen des Textiles Innovants, Tourcoing, France) built by Hills Incorporation. This process is 

equipped with three single-screw extruders. A tricomponent core/sheath spinneret is adapted to the 

spinning pilot in order to obtain the tri-component multi-filaments. Overall throughput was adjusted to 

0,6g/tr/min. 

Poling 

Poling of textile structure is done in an oven set to 90°C. A high voltage power supply was connected 

to the textile’s electrodes. The voltage was set to 6kV, which is sufficient to electrically polarize 

PVDF at this temperature. The sample is cooled before voltage removal. 

 

Textile fabric weaving 

The samples are prepared in order to have consistent tension, mechanical properties and thickness. The 

textile structure is woven on hand machine, ARM B60 equipped with the patronic automaton. The 

weaving was done with 20 yarn/ cm on 24 harnesses with a comb of 20 broches/ cm.  

Differential Scanning Calorimetry (DSC) 

Crystalline fractions are carried out using DSC (DSC 3+ Netzsch) operating at 10°C/min heating rate. 

Degree of crystallinity, Xc, can be calculated from the heat of fusion, ∆𝐻𝑚, of the sample to that of a 

totally crystalline polymer, assuming the same heat of fusion of 100% crystalline, ∆𝐻𝑚
0 , was given as 

104,7 J/g. Equation is : 

𝛸𝑐 =
∆𝐻𝑚

∆𝐻𝑚
0 × 100%                                                           (1) 

Fourier Transform Infrared Spectroscopy Measurement (FTIR) 

Infrared are equipped with an attenuated total reflectance (ATR) unit. The ATR mode allows a thick 

sample to be tested by collecting reflection information on its surface. IR spectra were obtained by a 

FTIR instrument in the 400-1500 cm
-1

 wave number range. The fraction of β-phase present in each 

sample can be calculated using the procedure explained by Salimi[4]. Thus, the relative fraction of β-

phase, F(β), is calculated as follows :  

 

𝐹(𝛽) =
𝑋𝛽

𝑋𝛼+𝑋𝛽
=

𝐴𝛽

1,26𝐴𝛼+𝐴𝛽
                                                 (2) 

 

where, 𝐴𝛼 and 𝐴𝛽 correspond to absorption bands at 766 cm
-1

 and 840 cm
-1

 for α and β phases 

respectively and 𝐾𝛼 and 𝐾𝛽 are the absorption coefficient corresponding wave number for each phase 

(𝐾𝛼=6,1 x 10
4
 and 𝐾𝛽= 7,7 x 10

4
 cm²/mole). 

Scanning Electron Microscopy (SEM) 

The interfacial adhesion between the different layers in the bi or tri-component is analysed by 

Scanning Electron Microscopy (JSM-7800F) operating at 5 kV. 

Electromechanical characterization  

For piezoelectric characterization, the textile is subjected to a dynamic compression strain 

perpendicular to the structure in a DMTA-equipment (DMA TA Instrument Q800), with a plate-to-

plate setup. Woven samples fabrics of few millimetres thick are sandwiched between electrodes and 

compression trays. The electrodes are connected to a Keithley multi-meter (3706A System Switch) to 

acquire measurements. The force applied by the DMA is between 1 and 5N for a percentage of 

deformation of 5– 30%. 

 

 



 
 
 
 
 
 

Results and discussion - Structure textile 100% PVDF 

Characterization of the β-phase by RMN – ATR and DSC 

Figure 1 shows the FTIR spectra of the multi-filaments stretched at 90°C with a stretching ratio 

between 2 and 6 at the characteristic wavenumber of the PVDF, such as the peak at 840 cm
-1

 

representative of the β-phase and the 766 and 795 cm
-1

 peaks of the α-phase. The transformation of α 

into β-phase is caused by stretching. Indeed, between the stretching ratio 2 and 5, the α-phase 

decreases in favor of the β-phase. At a stretching ratio 6, the α-phase remains low, but the β-phase 

begins to decrease. Using Equation (2), the β-phase fraction of each spectrum is calculated and 

exposed in the table. The total degree of crystallinity measured by DSC is also an important index in 

order to know the real β-phase rate in the multi-filament. Thanks to these two parameters, it is possible 

to conclude that the optimized drawing ratio in term of the β-phase is around 5.  

 

 

 

 

 

 

 

Figure 1. (A) FTIR spectrum of the multi-filaments and (B) table of β fraction and crystallinity rate. 

 

Textile fabric weaving 

For the rest of the study, the multi-filaments with an optimal stretching of λ=5, are woven on a hand 

loom. The pattern of the selected fabric is a diagonal interlock across the thickness to obtain a low 

porous fabric. The sample has an average thickness of 3 mm.  

 

Polarization of the woven structure 

The poling, Figure , will accentuate material piezoelectric character by reorienting the macroscopic 

dipoles. The contact polarization method is used. The textile structure, with a surface area of 9 cm², is 

entrapped between two circular copper electrodes connected to a voltage generator. Piezoelectric 

effect’s efficiency of the PVDF also depends on the applied polarization voltage. The voltage was set 

to 6kV. The cooling is also carried out under electric field. The poling process introduced a radial 

alignment of the dipoles/crystallites. 

 

 

 

Figure 2. Principle of contact polarization equipment. 

Electromechanical characterization 

For piezoelectric characterization, the interlock structure was subjected to a dynamic compression in 

the structure thickness direction using a DMA machine. Distance between the plates is set to 3 mm. 

Thickness of interlock and the compression force is 4 N. The samples are exposed to a sinusoidal 

Draw ratio λ 2 4 5 6 

β Fraction, F(β) % 56 87 97 98 

Crystallinity Rate  

Χc (%) 
51 53 57 55 
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strain with amplitude of 5%. The electrodes are connected to a multimeter Keithley, which controlled 

the measurement. The output voltage measured on the interlock is found to reach up to 2 - 3 V. 

 

 

 

 

Figure 3. Output voltage measured on 

the interlock weave upon a 100 Hz 

frequency, 4 Newton and 5% 

Deformation spike-shaped stimulus. 

 

This first study on textile structures was carried out in advance of the development of a 100% polymer 

piezoelectric tri-component in order to better understand the steps of development a piezoelectric 

textile.  

Premise of the study of the bicomponent and tricomponent piezoelectric multifilaments  

The other part of the study explains premises of tricomponent fibre development. In order to replace 

the circular copper planar electrodes in the creation of a piezoelectric textile, the project develops a 

tricomponent fibre: two layers (core and sheath) of conductive polymer composite (CPC) electrodes 

and the intermediate layer consist of piezoelectric PVDF. The conductive polymers act as an external 

and internat electrode, making it possible to carry the PVDF piezoelectric response when it is 

subjected to mechanical stresses. The polymers constituting the electrodes layers were chosen 

according to their characteristic temperatures, such as the melting point and the crystallization 

temperature. Indeed, it is necessary to respect a process temperature in order to obtain a strong 

interface between each polymer. The polymer with the highest crystallization temperature is in the 

centre of the tricomponent. The right choice of components can improve electrodes sensitivity thanks 

to an excellent interfacial adhesion.  

The cross sections of the virgin bicomponent filaments HDPE/PVDF and PVDF/PA12 and the virgin 

tricomponent HDPE/PVDF/PA12 were analysed by Scanning Electron Microscopy (SEM) in order to 

study the interfaces. Based on first visual observations, the interface between HDPE/PVDF polymers, 

Figure  a, seems weaker than the PVDF/PA12 interface, Figure  b. The voids underlined, by arrows in 

Figure , can be due to the different thermal expansion coefficient leading to contraction variation 

during the melt-spinning process.  

The lack of strong interface between the conductive and the electroactive layers can decrease the 

sensitivity and affect the homogeneity of behavior along the filament. Although the spaces visible in 

the SEM images are most probably caused by the cutting in nitrogen used in sample preparation, they 

show a strong potential for layer delamination between HDPE and PVDF. 

 

 

Figure 4. SEM micrographs of fibre 

cross section with 50 wt. 

%PEHD/50 wt. %PVDF, x4000 (a) 

and 50 wt. %PVDF/50 wt. % PA12, 

x3500 (b). 
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Figure 5. SEM micrographs of fibre 

cross section with 25 

wt.%PEHD/50 wt.%PVDF/25wt.% 

PA12, x4000. 

 

A study on the interface between the different layers of polymer will be carried out taking into account 

the surface energies of each polymer. Then the study will be on the spinning of the polymer 

layers/”fillers” in order to make the PA12 and the HDPE conductive. This tricomponent fibre will 

have multifunctional properties: conductive and piezoelectric. The textile made from such fibres could 

be used for mechanical sensor and energy harvesting application. 
 

Conclusion 

In this work, textiles structure containing PVDF fibres with a high piezoelectric β-phase content, 97% 

were developed by melt-spinning, polarization and weaving. Thanks to the temperature and drawing 

ratios, the crystal chains of PVDF have been optimally stretched to allow the transformation of α-

phase into β-phase. These multi-filaments allowed the weaving of a thick textile structure generating a 

maximum of 3 volts during compression stress. This preliminary study made it possible to highlight 

the main steps of realization of a piezoelectric textile. In this innovative approach, a piezoelectric 

tricomponent fibre composed of PVDF and two layers of conductive polymers is being developed.  
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Abstract. A halochromic hybrid textile for pH-sensing applications was designed by 

employing a non-toxic dyestuff, 7-Hydroxy-3H-phenoxazin-3-one (Resorufin), and an epoxy 

silane precursor, 3-glycidoxypropyltrimethoxysilane (GPTMS) through sol-gel method. The 

reaction mechanism and the formation of a polyethylene oxide network of GPTMS containing 

Resorufin were established by NMR characterization. The pH response of the hybrid 

halochromic system was studied by UV/Vis spectroscopy and compared with the pure 

Resorufin in different buffered solutions. Morphology and washing fastness of treated textile 

fabrics were evaluated by SEM, AFM and FT-IR analyses. 

1.  Introduction 

“Smart textiles” have attracted much interest in scientific research because of their capability to sense 

and react in presence of external stimuli. The integration of chemical sensor species into textiles 

involves many advantages to this field, by combining sensing properties with typical textile fabrics 

characteristics, such as toughness, strength and flexibility, thus obtaining useful “wearable sensors”. In 

this regard a widely useful method for the realization of wearable sensors on fabrics is the sol-gel 

process [1,2]. Reactions of precursors like silicon alkoxides in mild reaction conditions, such as low 

temperature and acidic or basic catalytic conditions, involve the formation of a hybrid organic-

inorganic 3D network with high degree of homogeneity and optical transparency, making it attractive 

for sensing optical applications [3]. Indeed, thanks to the incorporation into the sol-gel matrix of a 

halochromic indicator, bonded covalently or through weak interaction, it is possible to realize a 

functional fabrics coating that acts as wearable optical sensor device [4]. Optical sensors present some 

advantages (i.e. real-time measurements, high Signal to Noise Ratio, easiness of miniaturization), but 

also some disadvantages, such as interference by ambient light, poor selectivity due to the presence of 

other components of the sweat and poor stability due to halochromic dyestuff leaching or 

photobleaching [5].  

In the last years, pH real-time measurements were fully studied and optimized because of their 

impact on daily life and in several fields such as medical, diagnostic and environmental. In particular, 

wearable pH sensors are able to detect acidic or alkaline values of the sweat, making them very 

interesting due to the wide range of information that they may provide about the wearer’s health (i.e. 



 

 

 

 

 

 

body hydration level or potential pathogenesis of skin disease). As a matter of fact in earlier studies of 

some of us it has been shown the development of colorimetric pH sensors by the combination of pH-

sensing dyestuff with textile fabrics and an optoelectronic circuit [1,2,6-8].  

In this work, a halochromic hybrid system has been successful realized by the non-covalent 

immobilization of a non-toxic dyestuff, Resorufin, into a sol-gel GPTMS matrix and fully 

characterized in order to evaluate morphological, structural, durability, and pH-sensing properties. 

2.  Experimental part 

In a one-pot reaction, the immobilization of 7-Hydroxy-3H-phenoxazin-3-one (Resorufin), as 

halochromic sensing dyestuff, into an excess of 3-glycidoxypropyltrimethoxysilane (GPTMS) was 

achieved in presence of 1-methylimidazole, as catalyst for the epoxy ring opening of GPTMS, in 

acidic ethanol solution under reflux condition. After 3h, the obtained pink solution (R-GPTMS sol) 

was characterized by UV/Vis spectroscopy in McIlvaine Na2HPO4/citric acid buffers with different pH 

(2-8) and compared with pure Resorufin in order to study the functionalized Resorufin pH-sensitivity. 

Scoured and bleached 100% plain-weave cotton fabric, previously washed in 2% non-ionic 

detergent (40°C and pH 7, 20 min) rinsed with de-ionized water and dried, was used as substrate for 

the realization of the wearable pH sensor. R-GPTMS sol was coated on textiles by pad-cure method 

(using a Werner Mathis padder, 75% wet pick up), dried (80°C, 5 min) and cured (170°C, 4 min) in a 

convention oven, obtaining CO_R-GPTMS. Treated textiles were washed according to EN ISO 

6330:2000 (in a Werner Mathis AG) in order to evaluate the durability of the coating after 1 and 5 

washing cycles. 

3.  Results 

3.1. NMR characterization 

R-GPTMS sol, Resorufin, and Resorufin sodium salt were analyzed in methanol-d4 solution for 1H 

NMR spectroscopy in order to establish the structural conformation of the obtained dyestuff sol-gel. 

This is important because, the epoxy ring opening of GPTMS can follow two different synthetic routes 

for the realization of the R-GPTMS sol: (i) epoxy ring opening of GPTMS due to the nucleophilic 

attack by –OH group of Resorufin, resulting in a covalent ether bond between GPTMS and Resorufin 

moieties; (ii) formation of a polyethylene oxide network (PEO), due to the polymerization of GPTMS, 

followed by immobilization of the dyestuff through hydrogen bonds or weak electrostatic interactions. 

In particular, analyzing the aromatic region of the 1H NMR it is possible to establish the quite 

stable encapsulation of the dyestuff, through weak interaction, into the PEO 3D network in the 

resulting R-GPTMS sol because of the coincident aromatic signals of the proton resonances of R-

GPTMS with ones of anionic Resorufin itself (Resorufin sodium salt) as evidenced in figure 1. 

 

 

Figure 1. 1H NMR spectra of Resorufin, Resorufin sodium salt and R-GPTMS sol in methanol-d4 at 

298 K (300 MHz) with proton assignment. 



 

 

 

 

 

 

3.2. FT-IR analyses 

FT-IR spectra of cotton fabrics treated with R-GPTMS sol were collected in order to evaluate the 

durability of the coating even after 1 and 5 washing cycles (CO_R-GPTMS_1W and CO_R-

GPTMS_5W, respectively). Spectra of CO_R-GPTMS shows the presence of the silylated film due to 

the presence of Si-O-Si absorption bands at 852 cm-1 and 790 cm-1 (bending and stretching, 

respectively) that are still present in spectra of CO_R-GPTMS_5W thus confirming the durability of 

the R-GPTMS sol coating (figure 2a). Moreover after 1 washing cycle, the halochromic hybrid cotton 

fabric shows a small dye leaching, as evident in figure 2b, that still remain constant after 5 washing 

cycles; this data are also confirmed by the corresponding add-on%. 

 

 

Figure 2. a) FT-IR spectra of untreated cotton (i), CO_R-GPTMS (ii), CO_R-GPTMS_1W (iii), 

CO_R-GPTMS_5W (iv), in the range 650-1000 cm-1. b) Samples images with corresponding add-on 

(%). 

3.3. pH response: UV/Vis spectroscopy 

With the aim to realize a wearable halochromic pH-meter device on textiles, the pH response of the 

hybrid dyestuff-GPTMS system was evaluated by UV/Vis spectroscopy in buffered solutions at acidic 

and basic pH (2-8), in comparison with the pH response of the pure dyestuff. The Resorufin dyestuff 

leads to a dark-yellow protonated species and to a pink anionic form in acidic and alkaline media, 

respectively. In particular, at pH 2, R-GPTMS sol presents a red shift of the absorbance maximum 

peak from 450 nm to 481 nm maybe due to the formation of weak electrostatic bond between PEO and 

the dyestuff (Figure 3) which makes the nitrogen of Resorufin less available to protonation in an acid 

environment with respect to unfunctionalized Resorufin. These evidences, define the maintenance of 

the pH-sensitivity of Resorufin despite its encapsulation into the PEO-3D network. 

 

 

Figure 3. UV/vis spectra of pure Resorufin (black line) and R-GPTMS sol (dashed line). 



 

 

 

 

 

 

3.4. Morphological characterizations 

SEM and AFM microscopy were employed in order to evaluate the structural morphology, the 

homogeneity and the durability of the halochromic coating even after washing cycles. SEM images 

(figure 4a) showed a high degree of homogeneity of the CO_R-GPTMS and of CO_GPTMS (the latter 

synthesized according the same procedure with only GPTMS for the comparison with CO_R-GPTMS) 

samples even after washing cycles meaning that the Si distribution, and indirectly of the Resorufin, is 

homogeneously distributed onto the cotton fabrics. Microscope analysis, at different levels of 

magnification, clearly shows dissimilar surface morphology of the untreated (i) and treated (ii) cotton 

samples:(i) a typical interwoven in which the fibers result separated between them; (ii) fibers pasted 

between them. These observations result more evident in AFM images (figure 4b) according which it 

is possible to distinguish singular fibers into cotton fabrics and fibers with different feature among 

them, in the CO_R-GPTMS one. These morphological characterizations allow to confirming the 

established durability of the coating to the washing cycles and its homogeneity. 

 

 

Figure 4. a) SEM images of untreated and treated samples and after washing cycles (magnification: 

500 m). b) AFM morphology of untreated cotton and comparison between cotton fabrics treated with 

R-GPTMS sol and GPTMS sol. 

Conclusions 

In this work, a simple synthetic strategy was employed for the realization of a hybrid halochromic 

system by sol-gel method using a non-toxic dyestuff (Resorufin) and an epoxy-silane precursor as 

cross-linker (GPTMS). According NMR characterizations, the structural conformation of the resulting 

halochromic sol was established through weak interactions between the dye and the polyethylene 

oxide 3D network formed through catalyzed epoxy ring opening of GPTMS. Morphological analyses 

evidenced the homogeneity of the coating on cotton fabrics which represents an important feature in 

sensoristic field due to its impact on optical transparency. All experimental findings confirm the 

durability and the effectiveness of the obtained functional hybrid coating and also the maintenance of 

pH-sensitivity of the encapsulated dyestuff. This halochromic system represents a good starting point 

for the development of pH sensor fabrics for technical and smart textiles. 
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