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DEVELOPMENT OF STRETCHABLE CONDUCTIVE HYBRID YARN 

 FOR E-TEXTILES SOFT SENSORS APPLICATIONS 

SUMMARY 

Textiles have been the second necessity for humans to survive sense the beginning of 

mankind, just after nutrition of food and water that humans look for cloth and shelter 

to withstand the elements. As the technologies advance the roll of clothing surpassed 

the basic need for warmth, significant change for clothing performance aid has been 

the focal point of today’s research, succeeding in breaking the world records for 

humans swimming speeds utilizing shark skin technologies and many others aids. 

Nowadays wearable textiles have a wide variety of applications in every aspect of 

human lives beginning from atmospheric pressurized astronaut’s suits that withstand 

the vacuum of space to the deep diving suits that can endure the immense water 

pressure and everything in between including the extreme heat suits used on the edges 

of live volcanos, high velocity projectile protections, flame retardant clothing, 

antibacterial protections, etc.  

In recent years an increasing attention towards wearable electronics and electronic 

textiles have been the hot topic of research fields, recognizing their role towards more 

intelligent and comfortable world. Soft sensors have dominated the biggest share of 

this research owing to their designing flexibility to be utilized into wide range of 

applications, including human vitals that can be recorded by a specialized electrode, 

besides pressure and strain sensors that are affected by the joints and limps in motion 

where it the sensor’s signal will be corresponded to the joint bending intensity. 

Corresponding with that research comes a huge demand on conductive substrates that 

can be integrated within the fabric design. This conductive substrates in their most 

basic form are cupper wires, although this cupper wires have excellent conductivity, 

they don’t provide any of the human body comforting aspects such as stretchability, 

cycling flexibility, weight, air permanently and skin care values; Therefore these 

comforting aspects should be fulfilled as close as it can be to the bases of textile 

substrates i.e., fibers and filaments, so that if the building blocks of the textile 

substrates fulfil the above mentioned aspects it should by default meet the same 

demands in yarn manufacturing up to fabrics.      

There are many ongoing researches in pursuit of establishing an integrated soft sensor 

within a textile substrate by developing a conductive yarn that can be utilized during 

fabric manufacturing. In this study a stretchable conductive hybrid yarn (SCHY) is 

developed in order to satisfy the human comfort demands, utilizing the Direct-Twist 

technology to wrap a non-stretchable conductive yarn around a highly stretchable 

spandex core to create a hybrid yarn that combine both attributes. Finally, this hybrid 

yarn was successfully integrated within a knit fabric during production to fabricate an 

interdigital capacitive sensor that covers the working range of human joints. As of right 

now this SCHY integrated soft sensor is undergoing characterization tests to determine 

the suitable applications for the fabricated interdigital sensor. 
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E-TEKSTİL YUMUŞAK SENSÖR UYGULAMALARI İÇİN GERILEBILIR 

İLETKEN HİBRİT İPLİK GELİŞTİRİLMESİ 

ÖZET 

Dokuma kumaşlar, insanoğlunun elementlere dayanmak için giyecek ve barınak 

aradığı yiyecek ve sudan hemen sonra hayatta kalabilmesi için ikinci gereklilik 

olmuştur. Teknolojiler ilerledikçe, giysi rulosu temel sıcaklık ihtiyacını aştı, giysi 

performansına yönelik önemli değişiklik, günümüz araştırmalarının odak noktası oldu 

ve köpekbalığı derisi teknolojileri ve diğer birçok yardımcıyı kullanarak insanlar 

yüzme hızlarında dünya rekorlarını kırmayı başardı. Günümüzde giyilebilir tekstiller, 

uzay boşluğuna dayanabilen atmosferik basınçlı astronot kıyafetlerinden, yoğun su 

basıncına dayanabilen derin dalgıç kıyafetlerine ve aşırı ısıya dayanıklı giysiler de 

dahil olmak üzere aradaki her şeye kadar insan yaşamının her alanında çok çeşitli 

uygulamalara sahiptir. canlı volkanların kenarları, yüksek hızlı mermi korumaları, alev 

geciktirici giysiler, antibakteriyel korumalar vb. 

 

Son yıllarda giyilebilir elektroniklere ve elektronik tekstillere yönelik artan ilgi, daha 

akıllı ve konforlu bir dünyaya yönelik rollerinin farkına varılarak araştırma alanlarının 

sıcak konusu haline geldi. Yumuşak sensörler, insan hayati organlarını kaydeden 

elektrotlar, hareket ve nesne algılamada eklemleri ve aksamaları izleyen basınç 

sensörleri dahil olmak üzere çok çeşitli uygulamalarda kullanılmak üzere tasarlanmış 

esneklikleri sayesinde bu araştırmanın en büyük payına hakim olmuştur. Bu 

araştırmaya karşılık olarak, kumaş tasarımına entegre edilebilecek iletken alt 

tabakalara büyük bir talep geliyor. Bu iletken alt tabakalar en temel haliyle bakır 

tellerdir, bu bakır teller mükemmel iletkenliğe sahip olsalar da insan vücuduna 

gerilebilirlik, döngüsel esneklik, ağırlık, kalıcı hava ve cilt bakım değerleri gibi 

rahatlatıcı yönlerden hiçbirini sağlamazlar; Bu nedenle, bu rahatlatıcı yönler, tekstil 

alt-tabakalarının, yani elyafların ve filamentlerin temellerine olabildiğince yakın 

olarak yerine getirilmelidir, böylece tekstil alt-tabakalarının yapı blokları yukarıda 

belirtilen hususları karşılıyorsa, varsayılan olarak iplikteki aynı talepleri 

karşılamalıdır. Kumaşlara kadar üretim. 

 

Hibrit iplik, iki veya daha fazla özelliğin tek bir iplikte birleştirilmesi amacıyla yaygın 

olarak yapılan bir üretimdir, bu üretimler klasik iplik üretim teknolojilerinde çeşitli 

modifikasyonlar ile yapılmakta, bu üretim teknolojilerinde istenilen özelliklerin 

sağlanamaması nedeniyle sorunlar yaşanmaktadır. dağılım her zaman ideal durumda 

değildir, buna bir örnek olarak, dokuma işlemindeki yüksek strese, dokunuşa 

yumuşaklığa dayanmak için yumuşak ama zayıf liflerin nitelikleri güçlü ama pürüzlü 

liflere eklendiğinde, dağılım her zaman ideal durumda değildir. lifler her zaman hibrit 

ipliğin dış yüzeylerinde olmayabilir. 

 

Kumaş üretimi sırasında kullanılabilecek iletken bir iplik geliştirerek bir tekstil 

substratı içinde entegre bir yumuşak sensör oluşturma arayışında birçok devam eden 

araştırma var. Tekstil tabanlı sensörler, sert ve esnek olmayan cihazların yeni 
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ikameleridir; bu yeni nesil sensörler, kumaşın esneklik, düşük ağırlık ve nefes 

alabilirlik özelliklerini korurken, bu özelliklere gerilebilirlik eklenmesi, giyen kişinin 

rahatlığından ödün vermeden ideal bir giyilebilir elektronik sağlar. 

İstenilen özelliklere yakın iletken ipliklerin üretilmesi için karbon karası 

partiküllerinin elastik eğrilmiş ipliklere karıştırılması veya ticari olarak farklı iletken 

kaplamalarda bulunan lifli termoplastik iplikler üzerine iletken partikül kaplama gibi 

başarılı yöntemler vardır. Diğer yöntemler, ince bir metalik teli kauçuk bazlı bir ipliğe 

sarmak için çekirdek eğirme teknolojilerini kullanır. Ne yazık ki bu yöntemler çekme 

gerilmesi altında her iki özelliği de karşılamıyor, ya iletkenliklerini kaybederek 

“direnç katlanarak artıyor” ya da yeterli esnekliği sağlayamıyor. 

 

Bu çalışma için uygun bir uygulama SCHY olarak geliştirilen örme interdigitated 

kapasitif sensör (IDCS), interdigital sensörün temel tasarımı, v-yataklı atkı örme 

teknolojisinin sadece ön yatağında kakma tekniği kullanılarak süprem örgü yapısı 

olarak üretildi. (E14, Shima Seiki NSVR 122) burada iletken iplikler elektrot görevi 

görürken, iletken iplikler arasında kullanılan elastomerik iplikler dielektrik katman 

görevi görür. 

 

İletken ipliğin bir Spandex öz üzerine sarılma yöntemi, DirecTwist® 2C büküm 

makinesinin basit sarma mekanizması kullanılarak gerçekleştirilmiştir. İletken ipliğin 

Spandex çekirdeği içindeki elastomerik gerginliğe karşı iyi bir örtü oranını elde etmek 

için en iyi üretim parametrelerini belirlemek amacıyla birden fazla deneme seti 

yürütüldü. Bu deneme seti varyasyonları, iki farklı sarma yöntemini, farklı 

örtü/çekirdek iplikleri yelpazesini ve son olarak metre başına sarım Tr.m-1 ila elastan 

besleme oranı %E üretimlerinin geniş bir varyasyonunu içeriyordu. 

 

Ticari olarak temin edilebilen Shieldex® iletken iplikler ve SCHY için istenen birleşik 

gerilebilirlik özelliklerini test etmek için, her biri 10 cm olan beş numune 120 N 

yükleme hücreli (James H. Universal Strength Tester) üzerinde test edildi 50 mm.sn-1 

uzatma hızında. 

 

Özdirenç testi için, SCHY'den her biri 10 cm olan beş numune (UNI-T UT33B Digital 

Multimeter) tarafından (James H. Tensile Testing) üzerinde %5 uzama artışlarıyla test 

edildi, özdirenç testi yapıldı SCHY ipliklerinin tüm uzama aralığını kaplamak için 

uzama artışları numunelerin uzama kopmasına %230 yakın olana kadar. 

 

E-Tekstillerde ortalama insan vücudundan beklenen yok olma aralığından %35~45, 

test edilen SCHY uzantı değerlerinin zahmetsizce bu aralığı kapsadığını söylemek 

güvenlidir; Bununla birlikte, SCHY'nin ilk %50 sönme değerlerinin, direnç 

değerlerinde herhangi bir belirgin artış olmaksızın temel olması çok önemlidir, çünkü 

dirençte sabit bir oranda 0.2~03 Ω minimum artış vardır %5 uzama artışlarında, bu 

hibrit ipliğin herhangi bir E-Textiles imalatına güvenle entegre edilebildiği SCHY'nin 

genel direnci ile karşılaştırıldığında bu değerlerin ihmal edilebilir olduğu sonucuna 

varır. 
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Çekme deformasyonu altındaki kapasitans değişiminin sonuçlarına ilişkin olarak, elde 

edilen sonuçlar, fabrikasyon sensörlerin, SCHY'nin farklı örme tasarımlara 

uygulanabilirliğini test etmek için tam bir karakterizasyon çalışması gerektirdiğini 

göstermektedir. Ayrıca, bilgisayarlı atkı örme teknolojilerinin tasarım esnekliği ve 

ölçeklenebilirliği nedeniyle, önerilen SCHY, tek adımlı giyilebilir bir E-Textiles 

sensörüne dönüştürülebilen çok çeşitli sensörlere entegre edilebilir. 

 

Bu çalışmanın devamında, hibrit iplik numaralarının istenildiği gibi ayarlanabildiği 

ring iplikçilik gibi farklı teknolojiler kullanılarak birkaç SCHY imal edilmesi 

amaçlanmaktadır. Ayrıca, fabrikasyon IDCS'nin ümit verici sonuçları, SCHY 

kullanımının fabrikasyon örme sensör üzerindeki etkisini araştırmak için kapıyı açar; 

burada örme teknolojilerinin esnekliği, ölçeklenebilirlik, elektrotların 

konumlandırılması ve İstenen sensör türleri. 
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1. INTRODUCTION 

Textile Nowadays, there is a huge shift towards making the world smarter and more 

interactive electronically, an obvious example of this is the number of applications that 

are found on any modern smart phone which replace actual physical instruments 

including, calendars, calculators, clocks and recorders, etc. all of which are interactive 

and can be modified as it needs to be. Along this developed interactive gadgets, 

wearable smart gadgets that track our life styles and provide crucial data to which we 

can adjust our goals (T. Hughes-Riley, et al., 2018; Heikenfeld, J, et al., 2018). In 

parallel with these developments, the importance of wearable electronics or E-Textiles 

is increasing. Here comes the need to provide the conductivity to textile substrates to 

develop wearable electronics, toddy’s research efforts focus on the implantation of the 

electronic components within the different substrates that create textiles by introducing 

conductivity to the fibers, yarns, filaments, ..., et . During the incorporation of 

electronics to textiles (pressure sensors, stress/strain sensors, electromagnetic 

shielding, etc.) (Shahzad, A, et al., 2018) the integrity of the fabric is compromised, 

the filaments and yarns are the building blocks of any textile substrate, which when 

utilized in the fabrications of E-Textiles, these building blocks should be reformed to 

be as stretchable as possible while maintain finer counts, providing such alternation, a 

successful replacement should be attained of the rigid structures of the metallic 

components (Kirstein, T, et al., 2005). 

Hybrid yarn is a commonly carried out production in order to combine two or more 

attributes in a single yarn, this production is done with various modifications in 

classical yarn production technologies (R Alagirusamy, et al., 2006), in these 

production technologies, problems are encountered due to the fact that the desired 

attributes distribution isn’t always in ideal states, as an example of this, when the 

qualities of a soft to the touch fibers but weak is added to a strong but rough fibers in 

order to withstand the weaving process high stress, the soft to the touch fibers may not 

always be on the outer surfaces of the hybrid yarn. 

Textile-based sensors are the new replacements for the rigid inflexible devices, this 

new generation of sensors retain the fabric properties of flexibility, low weight, and 
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breathability, adding stretchability to these attributes will provide an ideal wearable 

electronics without sacrificing the comfort of the wearer (] Islam, G.M.N. et al., 2020). 

There are successful methods for producing the conductive yarns close to the required 

properties including fusing carbon-black particles with stretchable yarns (Mattmann 

C, et al., 2008), or  layer coating of conductive particles onto thermoplastic yarns 

(Tognetti A, et al., 2005; Cochrane C, et al., 2007) which are commercially available 

in different conductive coatings. Other methods use core-spinning technologies to 

wrap a thin metallic wire on a rubber-based yarn (A. Schwarz, et al., 2011), similar 

methods utilize core-spinning of a conductive fibers function as the cover around an 

elastomeric yarn which function as the core (Vieroth R, et al., 2009). A close method 

to this study is a direct-twist method that uses stainless steel staple fibers to cover an 

elastic core (Li Guo, et al., 2012). Unfortunately, these methods don’t satisfy both 

properties under tension, either they lose their conductivity “the resistance increases 

exponentially” or they don’t provide enough elasticity. 

Given the new attraction where monitoring the human physical attributes by an on-

body wearable devices; Such as human vitals which can be recorded by a specialized 

electrode, besides pressure and strain sensors that are affected by the joints and limps 

while they are in motion such so the sensor’s signal will be corresponded to the joint 

bending intensity, rehabilitation data gathering, breathing and speaking detections 

(Fan, W., et al., 2020; Porciuncula, F., et al., 2018; Ozlem, K., et al., 2019; Totaro, M., 

et al., 2017; Huang, B., et al., 2017), a hugely funded efforts are turned towards the 

implementations of such sensors into our everyday wearables.  

1.1 Objectives and Abstract of the Study 

This thesis is divided into five chapters, the first chapter provides an overview of the 

general research area, the end goal of this research filed and the current problem that 

is tackled under this study, the second chapter summarizes the materials used in 

flexible sensors, developments of different sensors types used in E-Textiles and a 

comparison between each type to distinguish the viability of the chosen application. 

Chapter three stating the manufacturing process of the produced hybrid yarns from 

materials, methodology and the fabrication of the interdigital capacitive sensor 

followed by the difficulties encountered during productions. Chapter four depicts the 

characterization of the produced hybrid yarns followed by the soft sensor 
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characterizations up to a validity test to the application of the produced yarns and 

finally a discussion. The last chapter evaluates the research efforts and summarizes the 

progress followed by the direction of which can build on this study. 

 

Figure 1.1: Visualization of SCHY production in (a) and the IDCS in (b). 
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2. MATERIAL DEVELOPMENTS IN E-TEXTILES 

E-textiles is the result of integrating conductive materials within the fabric substrate 

that may be traced back to the first prototypes of fabric circuit board in the 1960s 

(Zheng, Z., et al., 2021). According to the Web of Science, the searched keyword 

“electronic textiles” used for publications in a spam of the five years between 2016–

2020 is 1238, with a total citation more than 20,000. A new conductive materials and 

devices is the focus of more than half of this citations. The simple addition of electronic 

circuits to fabric substrates is what represent the first generation of e-textiles. While it 

provides a validity to the implementation as a proof-of-concept, the disadvantage is 

obvious: the electronic garment consists of many rigid parts so that it is heavy, not 

comfortable, and difficult to realize its functions (T. Hughes-Riley, et al., 2018). 

Nowadays this conductive material includes metal wires, metallic nanoparticles, 

nanosheets and liquid metals (Dan Xu, et al., 2022) beside conductive polymers that 

can be implemented to the fabric substrate after fabric production in the form of 

embroidery (Martínez-Estrada, M, et al., 2019), printing (Y. Yi, et al., 2019) and 

coatings, or it can be implemented during fabric production in the form of integrating 

conductive yarns within knitting (Atalay, O, et al., 2014) and weaving process 

(Martínez-Estrada, M, et al., 2023). The utilization of such conductive yarns will 

benefit greatly as it will be coherent with the base fabric structural and maintain the 

integrity of the fabric. These conductive yarns are divided into inherently conductive 

or already existing yarns that have been treated (Lund A, et al., 2021), this drives the 

recent research efforts to develop such conductive yarns with an appropriate property 

that is suitable to knitting and weaving processes.  

Regarding textile current implementations, conductive materials are divided into 

inherently conductive and specially treated conductive yarns and textiles. The use of 

metal wires directly with the fabric substrate it represents the inherently conductive 

yarns, such as aluminum, copper, nickel, and the most used one for its mechanical 

advantages over the others is stainless steel (Md Abdullah al Rumon, et al., 2021). 
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2.1 Inherently Conductive Fibers 

A comprehensive review was done in the “Conductive Biomaterials for Biomedical 

Applications” (Ei, Leqian, et al., 2023), where conductive biomaterials were divided 

into five categories, these categories can be further divided into two sub-categories: 

the first one is metallic materials, where (A) is liquid metals (metals that are in the 

liquid state under room temperatures), such as indium, gallium and the most used one 

is mercury (J. Yan, et al., 2018; Y.G. Park, et al., 2021). (B) precious metals 

nanomaterials, such as both gold and silver’s nanoparticles and nanowires, (C) carbon 

nanomaterials, including single-walled and multi-walled carbon nanotubes (M.C. 

Serrano, et al., 2014; M.A. Deshmukh, et al., 2020), lastly there are carbon nanofibers. 

Similar to carbon chemical decomposition is graphene, where there is graphene oxide, 

reduced graphene oxide and lastly two-dimensional graphene (M.D. Dozois, et al., 

2017; S.R. Shin, et al., 2016; S. Talebian, et al., 2020). (D) Crystalized structure of 

two-dimensional nanomaterials of transition metal nitrides, carbides or carbonitrides. 

The second sub-category is represented by intrinsic conductive polymers, such as poly 

(3,4 ethylenedioxythiophene) (H. Luo, et al., 2021), polyaniline (C.O. Baker, et al., 

2017) and polypyrene (E.N. Zare, et al., 2021). 

Another review of conductive materials used in textiles is in “Electrically Conductive 

Textile Materials—Application in Flexible Sensors and Antennas” (Krifa, M. 2021), 

where it is stated that inherently conductive polymers had many challenges in their 

early stages of developments, where the level of processability deemed them unusable 

due to their difficulty to transform into the desired structure (Gregory, R, et al., 1989). 

In the same study, a trial utilized the method of reinforcing the structure of the 

conductive polymers by textile substrates, which resulted in the formation of flexible 

conductive textile structures without sacrificing the integrity of the textile substrate. 

2.2 Surface Modification on Fibers 

Surface modification is considered a versatile method for fabricating conductive 

fibers, it is also a simpler alternative to the above-mentioned blending of the inherently 

conductive materials, with a minor modification to the process of dyeing and finishing, 

such surface treatments can be accomplished (J. Lee, et al., 2020). Spray coating, dip 

coating, and in situ chemical deposition (D. Yang, et al., 2021; X. Zhang, et al., 2020) 
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are among the simplest methods for adding conductivity to fibers (X. Tang, et al., 

2021). Fiber’s immersion in well dispersed carbon nano-tubes solution (T. Makowski, 

et al., 2020) is another method to form interconnected network that maintains it inherit 

conductivity form the carbon. In situ polymerization can achieve a tight bonding 

between the conductive film and the surface of fibers (O.Y. Kweon, et al., 2018; A. 

Rebelo, et al., 2019; H. Ahmed, et al., 2020; T. Khatti, et al., 2019; Q. Zhang, et al., 

2021). Oxidation polymerization is the soaking of the fibers, where a 150 nm 

deposition layer of pyrrole and p-toluene sulfonate can be formed after adding ferric 

chloride to the solution (W. Jing, et al., 2018). 

Although the above-mentioned methods can effectively bond the conductive 

components to the fiber surface, there is still a huge difference in mechanical 

properties, where under tensile stress the conductive element will lose it continues 

structure (B. Wang, et al., 2017).even metal oxides. Aerogel made out of Silica are the 

most common aerogel in the market due to its production value and real-world 

applications (J.P. Arenas et al., 2010). 
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3. MANUFACTURING PROCESSES 

3.1 Materials 

3.1.1 Hybrid Yarn  

In this study, a multiple trial sets were conducted to produce a simple solution to the 

above-mentioned researches by adding stretchability to commercially available 

Shieldex® conductive yarns, by combining the stretchability of Spandex filament with 

the conductive yarn in the form of core-cover hybrid yarn with the two attributes.  

Table Error! No text of specified style in document.1: Data sheet of the Shildex® 

conductive yarns properties. 

Property Shiledex®  

235/36 

Shieldex® 

117/17 

Material Polyamide / Nylon 6.6 

Metal Plated 99.9% Pure Silver 

Electrical Resistivity <2.5 kΩ/m <1.5 kΩ/m 

Yarn counts raw 235 dtex 117 dtex 

Yarn counts silverized 290 dtex 140 dtex 

Number of filaments 36 17 

Elongation / Break 23% 22% 

Twist Z 130 - 

3.1.2 Sensor’s Knit Fabric 

Beside the produced hybrid yarn, for the base knit fabric, an assortment of Çombaş® 

stretchable Nylon covered yarns were chosen for their variety of different yarn counts 

in both the Nylon cover filaments and their Spandex core, this assortment was 

combined to match the core of the produced SCHY in order to equalize the tension 

within the fabricated sensor knit inner loop structure. 
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3.2 Methods 

3.2.1 Hybrid yarn production 

Wrapping method of the conductive yarn over a Spandex core was conducted utilizing 

the simple wrapping mechanism of the DirecTwist® 2C twisting machine. Multiple 

trial sets were conducted in order to determine the best production parameters for 

achieving a good cover ratio of the conductive yarn to the elastomeric tension within 

the Spandex core. These trial set variations included two different wrapping methods, 

an assortment of different cover/core yarns and lastly a wide variation of turns per 

meter Tr.m-1 to elastane feeding ratio E% productions. 

 

Figure 3. 1: DirecTwist® 2C twisting machine fitted with a motorized elastane 

feeding control system. 

3.2.1.1 Wrapping method 

Conventional wrapping method 

A simplification of the conventional wrapping on the DirecTwist® 2C twisting 

machine is that of feeding the core yarn through the outer eyelet of the machine to 

come directly in the center of the twisting chamber Figure 3.2.(b-2), this pathing of the 

core yarn prevents it from being affected by the rotation of the twisting chamber and 

to be centralized in the produced hybrid yarn, as for the cover yarn, its pathing is 
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through the bottom eyelet directly under the twisting chamber which allows for a 

perpendicular wrapping over the core yarn, this perpendicular angle of ≤90° is reduced 

according to the ratio between production speed and elastane feeding. 

Nonconventional wrapping method 

A simplification of the nonconventional wrapping on the DirecTwist® 2C twisting 

machine is that of feeding both of the core and cover yarns through the eyelet directly 

under the twisting chamber Figure 3.2.(a-1,2), while this method doesn’t grantee the 

centralization of the appointed core yarn in the produced hybrid yarn it provides a sure 

grantee of that if and only if the core yarn was that of a stretchable types due to the 

inherit tendency of the stretchable yarns to find the path of least resistance i.e. the 

minimum tension which is the exact center of the produced hybrid yarn. Beside the 

simplicity of this method, it has multiple advantages over the conventional method 

which will be explained latter in a separate section below. 

 

Figure 3. 2: Production methods on the DirecTwist® 2C twisting machine where (a) 

is the nonconventional method in which both cover (1), core (2) is fed 

directly under the twisting chamber and (b) is the conventional method 

which (1) and (2) are fed separately. 

3.2.1.2 Production parameters 

The production of the hybrid yarn can be divided into a single-step and a multi-step 

wrapping operations utilizing the two different wrapping methods under multiple 

combinations of different production parameters, using yarns that are mentioned in the 
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table of material, where changes were made to the number of covering yarn, 

elastomeric yarn feed rate (E%) and turns per meter (Tr.m-1).  

Single-step production 

As the name implies, achieving close to complete cover ratio in one operation is the 

objective of this production. In the case of utilizing the conventional wrapping method 

it will require high values of Tr.m-1 with a low value of E% to achieve its goal, this 

opposite parameters values will require a corresponding high speeds of machine 

production, this results to multiple complications that will be mentioned latter in its 

designated section below. In the other case of utilizing the nonconventional wrapping 

method it will require relatively lower values of Tr.m-1 compared with the 

conventional method, similarly a relatively higher value of E% is required, this 

coherent parameter values will result to a much lower machine production speed, it is 

worth mentioning that the twist direction i.e., wrapping direction doesn’t affect the 

single-step produced hybrid yarn due to the minimal twist in the chosen Shieldex® 

yarns. Another way to achieve high coverage of the core in a single-step production is 

by multiplying the cover yarns, going form a single cover to double covering will 

automatically  reduce the production parameters by half as the necessary wrappings 

are doubled from the same rotations of the twisting chamber, Figure 3.3 visualize 

doubling the covering effect. 

  

Figure 3. 3: Single cover wrapping visualized in (a) and double cover wrapping 

visualized in (b) under the same production parameters. 

  

Table 3.2: Single-step production parameters for conventional  

and nonconventional wrapping methods. 

Trials  Tr.m-1 E% No: of covers 

Conventional 700,750, …,1000 40,45, …,60 
1,2 

Nonconventional 250,300,350 85,90,95 1,2 

 

a) b) 
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Multi-step production 

Close to complete cover ratio in this production is divided into two or more steps, each 

step will achieve a percentage of the end cover goal with a given production 

parameters, the next step will feed the previous one as the new core of the hybrid yarn 

with a corresponding production parameters relating to the remaining cover ratio, there 

is a choice in repeating the same twist direction of previous step or reversing it, each 

of these choices will result in a completely deferent structure for the final hybrid yarn. 

The final characteristics of each variation of the method of production will be given 

latter in a separate section, it is worth mentioning that the multi-step production is a 

manipulation attempt to avoid the complications occurred in the single-step 

conventional wrapping method.    

 

Table 3.3: Multi-step production parameters. 

Steps  Tr.m-1 E% No: of covers Twist 

direction 

First 400, 450, …, 600 55, 60, …, 80 1, 2 S / Z 

Second 250, 300 70, 75, …, 90 1, 2 S / Z 

The first step is usually the one where the higher cover ratio is achieved 60~70% sense 

it is directly wrapping the cover yarn on the core yarn, the remaining required cover 

ratio 15~20% is achieved in the next steps where the wrapping is limited due to the 

new core being an unsymmetrical shape i.e., no longer a cylindrical shape with present 

twist direction as shown in Figure 3.4.   

 

Figure 3. 4: Multi-step production where (1) is the first step wrapping with (S) twist 

direction and (2) is the second step with same twist direction. 

 

 

 

 

 

 

 

 



14 

 

3.2.2 Sensor’s knit fabric production 

The knitted sensor was developed as a viable application for this study, the 

specification of the design structure and its dimensions are given in the figures below, 

a basic design of the interdigital sensor was manufactured with an interlock structure 

chosen for its high stretchability and recovery properties, utilizing the intarsia 

technique on only front bed of v-bed weft knitting machine (E14, Shima Seiki NSVR 

122) shown in Figure 3.5. 

 

Figure 3. 5: (E14, Shima Seiki NSVR 122) V-bed flat knitting machine. 

 

3.2.2.2 Sensor’s design and alignment 

With the intention of reducing the difference between both directional deformations 

i.e., transversal and longitudinal which ensuing from stretching the fabric with pulling 

forces of multilabel directions, therefore a close to a square shape design was chosen. 

The fabricated design was of 6 by 8 cm width and length respectively, comprising of 

24 electrodes where the electrode areas are structured from 2 rows and the dielectric 

areas are structured from 8 rows of knitted loops as shown in Figure 3.6.  
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Figure 3. 6: IDCS knitting design where each vertical distance represents the amount 

of courses of the design, and each horizontal distance represents the 

amount of wales that construct the design. 

The different characterization tests to be performed on the sensor samples requires an 

alignment of the sensor structure, where placing it in parallel or perpendicular to the 

knitting direction will determine whether the capacitance will increase or decrease, 

such so the determination of which alignment is more responsive to dimensional 

deformations. The so-called positive alignment represents the course i.e., transversal 

direction stretching, and the negative alignment represents the wale i.e., longitudinal 

direction stretching illustrated in Figure 3.7, where a visualization of the effects from 

the applied strains is demonstrated. 
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Figure 3. 7: The negative alignment is stretched perpendicular to the knitting 

direction as visualized in (a), and the positive alignment is stretched 

parallel to the knitting direction as visualized in (b). 

3.3 Difficulties 

3.3.1 Hybrid yarn 

3.3.1.1 Conventional method 

The above-mentioned high parameters used in a single-step operation by utilizing the 

conventional wrapping of the cover yarn is considered an aggressive production, where 

the yarns had a tendency to break under the high production speed required to 

accommodate for the opposite values of Tr.m-1 to E%, another complication was that 

of the accumulation of silver residue on the upper ceramic eyelet of the twisting 

chamber as shown in Figure 3.8, due to the high friction of the Shieldex® with the 

eyelet under high values of Tr.m-1. 
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Figure 3. 8: Silver accumulation on the upper ceramic eyelet. 

 

Another complication was that of an uneven tension of the elastomeric yarn along its 

feeding path to the chamber, this is due to the high friction with pigtail guides under 

low values of E%, this uneven tension resulted in uneven distribution of the cover 

wraps over the core yarn as shown in Figure 3.9. 

 

Figure 3. 9: Uneven distribution of the wraps where (1) is an area with loose 

wrapping and (2) areas are tight weapping. 

Yet another complication was that of the amount of false twist acquired of such 

parameters was deemed unusable, another unwanted property of this method is that of 

the high tensioned bobbin due to the low values of E% which in itself a huge problem 

where the hybrid yarn can’t be doffed out of such bobbin without spiraling out of 

control, it is worth mentioning that the number of cover yarns used in one operation 

should be at most 2 covers in conventional wrapping, due to the cover yarns twisting 

over each other without actually covering the core Figure 3.10.    

It is safe to say that the nonconventional method is far superior to the conventional 

method where none of the above-mentioned difficulties occur, besides that, a low 

production speed is much safer for the production of high amounts of SCHY in terms 

of the long jeopardy of the machine and its required maintenance.  
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Figure 3. 10: Multiple cover yarns will tend to twist over each other (a), where (b) is 

an idealistic situation for the conventional wrapping. 

3.3.1.2 Multi-step production 

There are commercially available direct twist machines like DirectCover® 2S which 

has multiple stacked chambers for twisting different yarns under different parameters 

on a single core, it goes without saying that the DirecTwist® 2C twisting machine 

wasn’t designed to achieve such production in a single-step. By dividing the required 

cover ratio into multiple operations, it will put an unnecessary production fatigue on 

the yarn due to its multiple pathing through the chamber, another complication is that 

of the uneven wrapping of the multiple operations where the first wrapping is done 

over a cylindrical shape of the original core yarn, unlike the subsequent operations 

where the wrapping is done over an unsymmetrical shape, this results of the sliding of 

the wraps with uneven disruption. Regarding the choice of repeating the twist direction 

of the first operation S►S will result in a lose wrapping of the second step where the 

subsequent wraps aren’t close to the original core, in the case of reversing the original 

twist S►Z it will result in a very tight wrapping of the core yarn which will prevent it 

for stretching due to the cross-threading like of the opposite wraps as shown in Figure 

3.11.  

 

Figure 3. 11: Multi-step production where (1) is the first step with S twist direction 

and (2) is the second step with Z twist direction resulting in a cross-

threading like wrapping.
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3.3.2 Sensor knitting 

The SCHY bobbins produced from the single-step conventional method required the 

slowest possible speed for knitting so that the SCHY wouldn’t get lose from the 

knitting needles hocks, under higher tensions of the same method it required a special 

contraption to feed the SCHY directly to the knitting chamber as it was unable to go 

through the machines yarn pathing guides without spiraling out of control due to the 

large amount of false twist within the hybrid yarn. In the highest production 

parameters, it was required to be fed by hand in order to control the bobbins from 

unwinding under the hybrid yarn tensions. None of the above-mentioned 

complications occur while using cones produced from the non-conventional method. 

It was more convenient to use the SCHY with similar core as the base yarns in the 

knitted fabric for better homogeneity throughout the stretching cycles during any live 

applications.  

3.4 End product parameters 

3.4.1 SCHY 

After considering the above-mentioned advantages and difficulties, a single-step 

nonconventional wrapping method was chosen to produce a SCHY with the 

production parameters of 250 Tr.m-1 with 90 E% from two 235/36 cover yarns over a 

140 D Spandex core. 

 

Figure 3. 12: SCHY produced from nonconventional wrapping method under the 

recommended production parameters. 
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3.4.2 IDCS 

The final parameters that were concluded are shown in Figure 3.12, where the design 

was enlarged so that CL would increase to be between 22 and 26 pF for both 

orientations, n = 24 electrodes, W = 50 mm, t = 1.4 mm and d = 2.4 mm.  

 

Figure 3. 13: Negative alignment sensor is represented in (a) and the positive in (b). 

 

 

 

 

b) a) 
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4.  CHARACTERIZATION AND DISCUSSION 

4.1 SCHY 

4.1.1 Stretchability 

To test the desired combined attributes of stretchability to the commercially available 

Shieldex® conductive yarns, five specimens of 100 mm length were stretched until 

failure under a 50 mm.sec-1 extension rate in a bench-top characterization with the 

James H. Universal Strength Tester fitted with 120 N loading cell at, specimens from 

Shieldex® yarn were cut to equal size in order to compare both yarns under the same 

conditions. 

 

Figure 4. 1: Tensile Test preformed on (a) SCHY and (b) Shieldex® yarns. 

The tensile tests were conducted until the point of extension break for both yarns, the 

results showed that Shieldex® conductive yarn was on part with its marketed data 

sheet, reaching an extension of 25 mm on average which equal to the 23% marketed. 

As for the SCHY tensile test, an extension of up to 230 mm on average was reached 

before braking, which is equal to the 130% of the original specimen length, this 

percentage is close to 8 times more than the Shieldex® conductive yarns.  
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4.1.2 Resistivity 

For resistivity testing, five specimens of 100 mm each from SCHY were stretched by 

5% elongation increments for the entire range of stretchability on a James H. Tensile 

Equipment utilizing a UNI-T UT33B Digital Multimeter for the resistivity test, the 

elongation increments were close to the SCHY extension break of 130%. 

 

Figure 4. 2: SCHY yarns resistivity under each 5% elongation increments. 

The conductivity test results concluded that there is minimum increase in resistance 

with a constant rate of 0.2~0.3 Ω under each 5% elongation increments, which when 

compared to the Shieldex® marketed data sheet yields an equal conductivity. 

4.1.3 Tr.m-1 & E% fine tunning 

To better  understand the effect of the Tr.m-1 and E% parameters on the production of 

the hybrid yarn, a demonstration where the first parameter was set at low value then 

gradually increased to a higher and more intense production as it is shown in Figure 

4.3.(a), as it is depicted that the higher the value of Tr.m-1 parameter the higher amount 

of wraps are wound around the core yarn. Unlike Tr.m-1, E% parameter is more 

relaxed when it is at a higher value, as it resembles the percentage of core yarn fed to 

the cover yarn. Such percentage effects the inner tension within the hybrid yarn, where 

lower values create highly tensioned yarn which by extension creates false twists 
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which are not suitable for knitting production as it is shown in Figure 4.3(b), besides 

it spirals out of control whenever it is doffed out of the cone due to the high amount of 

false twist created by the wraps. Manipulation of both parameters was tested to reach 

the best combination where the core yarn is mostly covered with the least amount of 

inner tension created within the core. 

 

Figure 4. 3: Increasing the Tr.m-1 value is demonstrated in (a) where (I, II, III, IV) 

are equal to (700, 800, 900, 1000 Tr.m-1) respectively, and the effect of 

decreasing the E% value is demonstrated in (b) where the (1, 2, 3, 4) are 

equal to (50, 60, 70, 80 %) respectively. 

4.2 IDCS characterization 

The interdigital capacitive sensor works as a single plane capacitor of which 

capacitance can be calculated from the following equation. 

𝑪𝑳 =  (𝒏 −  𝟏)
ɛ . ɛ𝒓 . 𝑾. 𝒕

𝒅
 

Where CL represents the value of capacitance that can be held within such capacitor, n 

is equal to the number of electrodes, ɛ is a permittivity of the empty space combined 

with ɛr which is a permittivity of the dielectric layers between the electrodes, W is the 
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overlapped length of electrodes, t is the thickness of each electrode, and d is the 

distance between two consecutive electrodes. 

In order to evaluate the performance of a sensor, it must be subjected to a wide variety 

of characterization tests including sensitivity, sensing range, signal’s drift, response 

time, and stability (Claver, U.p, et al., 2021). Following similar sensors characterized 

under the same research field, the required tests were done on an interlock IDCS to 

determine the validity of the SCHY in E-Textiles applications, such tests required the 

fabrication of an accurate strain testing rig where the exact distance extended by the 

sample can be measured and controlled, this test rig was regulated with an Arduino 

Uno atmega328p® micro controller and the capacitance was measured by an Arduino 

mpr121®. Figure 4.4 shows the strain test rig workings. An interactive interface was 

also designed to control the tests as well as viewing the live result for instantaneous 

moderation and it is shown in Figure 4.5.  

 

Figure 4. 4: Strain test rig workings, where (I) is the stepper motor, (II) fixed clamp, 

(III) movable clamp, (IV) sensor specimen being tested. 
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Figure 4. 5: Strain test rig interactive interface. 

 

4.2.1 Gauge factor  

The characterization started with the Gauge Factor (GF) to determine the sensitivity 

of the sensor; GF is calculated as depicted in the equation below; 

GF =

∆𝐶
𝐶o

𝜀
⁄

 

Where: 𝛥C is the change in the capacitance, Co is the initial capacitance (capacitance 

before extension) and 𝜀 is the strain value. This investigation of the capacitance 

changes under tensile deformations (electro-mechanical) measurements was 

performed under multi-cyclic tensile stress, the change of capacitance was measured 

simultaneously with the applied strain, the specimens were subjected to a 50% 

extension in the course direction for 100 cycles, the extension level of 50% was chosen 

to cover the extensions range of an average human body movements of approximately 

35~45% (Gibbs P.T., et al., 2005), The sensor demonstrated a broad operating range 

and great linearity. The 𝛥C/Co ratio changes were negatable after stretching and 

relaxing the sensor for 100 cycles which demonstrate stability of the sensor over the 

cyclic test as shown in the figures below. 

The electrodes of the IDCS can be stretched in two orientations, where the first 

stretching is aligned parallel to the electrodes knitting direction which results in a 

capacitance increase by closing the distance between the electrodes, where this 

orientation reached G.F of 0.46 and was referred to as positive, and the second 

stretching is aligned perpendicular to the electrodes knitting direction which results in 

a capacitance decrement by moving the electrodes away from each other, where this 

orientation reached G.F of -0.68 and was referred to as negative. 
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Figure 4. 6: The G.F of the negative orientation shown in (a) compared to the 

positive one in (b). 

4.2.2 Linearity 

The linearity of both orientations was tested as well and showed high correspondence 

between strain to signal values where the negative samples had a linearity of  

R2 = 0.997 and the positive samples had a linearity of R2 = 0.994 as shown in Figure 

4.7. 

 

Figure 4. 7: The linearity of the negative orientation shown in (a) compared to the 

positive one in (b). 

 

 

 

 

a) b) 

a) b) 
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4.2.3 Response time 

Response time is an important characteristic in any developed sensor, such response 

time can be calculated when the signal magnitude corresponding to three times higher 

to the standard deviation of the base value is reached by mechanical strain, Figuer 4.8 

shows the negative orientation response time at 66 ms and the positive one at slightly 

higher time of 68 ms, such quick response time can be easily implemented into human 

application sense the human reflexes doesn’t exceed 10 hz. 

 

Figure 4. 8: The response time of the negative orientation shown in (a) compared 

to the positive one in (b). 

4.2.4 Signal’s drift 

Another important characteristic is the signal’s drift when the physical phenomena is 

stationary at a constant intensity, such drift is highly undesired as it lowers the 

accuracy of the sensor under constant intervals, Figuer 4.2.4 shows signal’s drift under 

1/8, 2/8, 3/8, 4/8 strain levels which were maintain for 10 second each, the negative 

orientation drifts were calculated to 2.4%, 1.8%, 1.3% and 1.6% and the positive drifts 

were 1.8%, 1.6%, 1.6% and 1.3% under the same strain levels. 

b) a) 
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Figure 4. 9: The signal’s drift of the negative orientation shown in (a) compared to 

the positive one in (b). 

4.2.5 Sensor’s durability 

As for the durability of the sensor, each orientation was subjected to a strain cyclic test 

reaching 50% stretching and relaxing to the original length for 100 cycles, Figuer 4.10 

shows both samples maintaining its initial capacitance value during and after the cyclic 

was ended, such durability is suitable for E-Textiles as the cloth is intended to 

withstand everyday wearing stresses.  

 

Figure 4. 10: The sensor durability in a negative orientation cyclic strain shown 

in (a) compared to the positive one in (b). 

 

 

a) b) 

a) b) 
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4.2.6 Sensor’s stretchability  

As for the final characterization of the sensor’s fabric, a tensile test was performed on 

both orientations to determine the extension length of failing, Mark-10® tensile tester 

fitted with a 250 N force gauge loading cell was used in this test. The negative 

orientation achieved ≈ 240% extension before failing which amounted to ≈ 200 mm 

extension out of 80 mm original sample’s length, the positive orientation exceeded that 

level and reached ≈ 300% extension which amounted to ≈ 180 mm extension out of 60 

mm original sample’s width, achieving such high stretchability proves the outstanding 

methodology of combining SCHY with stretchable dielectric yarns in knitted structure 

that is inherently stretchable. Figure 4.11 shows both orientations tensile tests. 

 

Figure 4. 11: The sensor tensile test in a negative orientation shown in  (a) 

compared to the positive one in (b). 

4.3 Application characterization  

In order to prove the validity of the soft sensor in human applications, the sensor’s 

knitted base fabric was enlarged to be a tight fit on the subject’s knee as shown in Fig. 

4.12.(a), the relative change in capacitance was measured by DFRobot Beetle BLE® 

on an Arduino Uno with Bluetooth 4.0 for wireless life applications outside of 

benchtop wired test configuration, this small circuit requires a small portable battery 

which consumes minute amount of energy to collect and transfer data due to the 

utilization of low powered Bluetooth technology, both of the measuring circuit and the 

a) b) 
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small battery were concealed inside a small pocket above the interdigital sample for a 

completely wireless wearable testing (Fig. 10(a(I)). 

Life data was recorded when the subject performed different consecutive movements 

from walking to running and ending in deep-squatting exercise as shown in Fig. 10(b). 

The recorded data confirmed the signal magnitude is corresponding to the intensity of 

each exercise, where walking imposed slight bending of the knee which resulted in a 

relatively small stretch in the knitted fabric, while running imposed moderate bending 

of the knee, the deep-squatting imposed the largest stretching of the soft sensor 

structure which resulted in the highest signal magnitude. 

 

Figure 4. 12: Fitted sensor’s fabric to the subject’s knee (a), (I) is the pocket 

concealing the measuring circuit and the small battery, (II) is the 

negative configuration sample aligned to the keen bending path, 

and (b) is the sensor’s signals corresponding to different exercises. 

 

 

 

 

a) b) 

(I) 

(II) 
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4.4 Discussion  

4.4.1 SCHY 

From the anticipated extinction range of 35~45% from the average human body on E-

Textiles (Gibbs P.T., et al., 2005), it safe to say that the tested SCHY extensions values 

effortlessly cover that range; Never the less, it is of the utmost importance that the first 

50% extinction values of the SCHY must be staple without any obvious increase in 

resistance values, as depicted from Figure 4.4 that there is minimum increase in 

resistance with a constant rate of 0.2~0.3 Ω in 5% elongations increments, which 

concludes that these values are negligible compared to the overall resistivity of the 

SCHY, where this hybrid yarn can confidently be integrated within any E-Textiles 

fabrication. 

 

Figure 4. 13: SCHY resistivity under the working range of human applications. 

 

As for the calculations for standard deviations and coefficients of variations the 

following table depicts the consistency of both of the stretchability and resistivity 

under extension tests, where the 5 specimens form each test resulted in a close 

proximity value from the average. 

Table 4.1: Standard deviations and coefficients of variations calculated for the  

specimens tested in both the tensile and resistivity tests. 

Coefficients 

Shieldex® 

Tensile SD 

Shieldex® 

Tensile 

CV 

SCHY 

Tensile 

SD 

SCHY 

Tensile 

CV 

SCHY 

Resistivity 

SD 

SCHY 

Resistivity 

CV 

Min 0.14 0.025 0.01 0.099 1.11 0.019 

Max 2.46 0.238 3.26 0.599 1.78 0.028 

Avg 0.34 0.050 0.84 0.353 1.29 0.022 
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4.4.2 IDCS 

Applying 50% strain level to the negative configuration samples will move the 

electrodes apart from each other effecting these dimensions as follows; W will shrink 

by less than 1 mm; t shrinkage is negligible while the d will be affected the most 

reaching 3.8 mm, combining these effects (mostly d) will result in initial capacitance 

value reduction. Applying the same strain level to the positive configuration samples 

will result in reduction of d by 1 mm, t shrinkage is also negligible while W will be 

affected the most reaching 75 mm, combining these effects will increase the value of 

the initial capacitance. 

 

Figure 4. 14: IDCS in its initial state shown in (a), stretched perpendicular to 

knitting in (b) and parallel to knitting in (c).  

Observing the different dimensional deformation effects from the applied strain on 

both configurations, it becomes clear that the same interdigitated electrodes fabricated 

under the same knitting parameters will either move apart or come close to each other 

by small distances, while increasing this distance will be the major contributor to the 

capacitance decrement, decreasing it will not be the major contributor to the 

capacitance increment, aiming to a further reduction of this distance will have the risk 

of short-circuiting the interdigitated electrodes. Keeping that in mind, human 

applications will not apply a singular direction strain on the fabric. 

 

 

a) b) c) 
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5. CONCLUSION 

For an E-Textile to be viable, it must provide the necessary comfort to the wearer, one 

aspect of such comfortability is the stretchability of the fabric, which in turns relay on 

the building-block of any fabric i.e., yarns. In this study, a successfully manufactured 

hybrid yarn, where the attributes of conductivity and stretchability were combined. As 

a result of the tests made on the developed yarns; It was observed that the hybrid yarns 

had a homogeneous structure and their conductivity were preserved. Furthermore, the 

proposed method for the manufactured SCHY can be mass produced with 

commercially available yarns on a commercially available twisting machines, which 

adds another view on the researches required to develop such combinations of the 

desired attributes, where is the earlier research in this field succeeded in covering the 

working range of the capacitance change under the human body stresses, it either 

sacrificed the integrity of the textile substrate or the design wasn’t simple enough to 

allow for a single-step sensor manufacturing, requiring multiple processes on a special 

manufacturing rigs developed specifically to produces such fairly complicated 

designs. In the continuation of this study, it is aimed to fabricate several SCHY using 

different technologies such as ring spinning, where the counts of the hybrid yarns can 

be adjusted as desired. Furthermore, the promising results of the fabricated IDCS 

utilizing SCHY opened the door for a proposed design of an interdigital capacitive 

strain sensor, which combines the inherit stretchability of the knitted fabric with a 

secure conductive network within its structure as well as, this SCHY is matched with 

stretchable base yarns to create a homogenous tension within the knitted loops, further 

improving the stretchability of the sensor. Finally, an application of this sensor was 

conducted successfully, showing the ease of integrating this system into ready to wear 

garments. We believe that this design of textile-based sensor is a suitable candidate for 

a wide variety of highly demanded applications from monitoring human body 

movements, medical supervision, sports field or entertainment systems. 
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