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Abstract  

Due to the increasing concern of health issues urged by human exposure to radiation, textiles 

have been massively considered in the application of ElectroMagnetic Shielding Effectiveness 

(EMSE). Electrically conductive materials produce and transport free charges which result in 

shielding behaviour. Thus the first generation of shielding materials has been made of metallic 

yarns and composites due to the high electrical conductivity of metals. However, these products 

suffer from poor washability and uncomfortability in place of textile wearable applications.   

In this study, a polymer-based conductive monofilament is developed and introduced for making 

personal wearable protection devices with the purpose of declining the limitations of the 

traditional shielding fabrics containing metal yarns. Hence, the main contribution of this study is 

the formulation, production, and characterization of conductive polymer nanocomposite (CPC) 

monofilaments and the integration of the developed monofilaments into the woven fabrics 

intended for protecting pregnant women and their fetuses against the detrimental effects of the 

electromagnetic waves in the human living environment. 

To begin with, the effects of the structural parameters of woven fabrics (e.g. weave structures, 

density of the conductive yarns, and waviness degree of the yarns) were studied on the EMSE 

behaviour. The results suggested that changing the position of conductive yarns by changing the 

structural parameters such as waviness degree played a significant role in the EMSE of the woven 

variants. Specifically, increasing only 7% of the waviness degree of the conductive warps led to 

17% EMSE improvement due to the increase of the conductive yarns through the thickness of the 

3D warp interlock woven variants.  

At this point, the CPC monofilaments were produced containing multiwall carbon nanotube and 

carbon black incorporated into a thermoplastic polymer (PA6,6) using a melt mixing process and 

the morphological, electrical, and mechanical properties of the nanocomposites were investigated. 

The results showed that the electrical conductivity of the PA6,6-based nanocomposite 

monofilament was improved thanks to the synergism between the carbon nanofillers. In addition, 

the viscosity was in the standard range for the melt extrusion process. The developed 

monofilament was lightweight, corrosion-resistant and the manufacturing process was very well 

established in comparison with metal yarns due to the fact that extrusion is an adaptable and cost-

effective method for thermoplastic polymers.  
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The developed nanocomposite monofilament was integrated into the woven fabric structures and 

the EMSE of the manufactured woven fabrics was evaluated in the frequency range of 1-10 GHz. 

The results revealed that the shielding of the fabrics weaved using the developed monofilament 

was promising for personal protection (EMSE≥10dB). Also, incorporating the monofilaments 

with higher conductivity or applying a bigger density of conductive monofilaments in the fabric 

structure led to better attenuation.  

Moreover, since the ultimate goal of this research is to shield both mother and fetus against the 

harmful effects of electromagnetic waves, a parametric graphical method was employed to 

develop a 3D adaptive mannequin based on weight gain during pregnancy. Lastly, the mannequin 

was applied to design a block pattern for personalized garment making with the manufactured 

EMSE woven fabrics.  

Keywords: Conductive polymer nanocomposites, Multiwall carbon nanotubes, Carbon black, 

Synergy effects of carbon nanofillers, Compound woven fabrics, Electrical conductivity, 

Electromagnetic shielding effectiveness, 3D virtual mannequin for pregnancy period, Garment 

block pattern 
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Résumé 

En raison de l'inquiétude croissante des problèmes de santé provoqués par l'exposition aux 

rayonnements, les textiles ont été massivement pris en compte dans les applications de blindage 

électromagnétique (EMSE). Les matériaux électriquement conducteurs permettent le transport 

des charges électriques qui entraînent un comportement de blindage. La première génération de 

matériaux textiles destinés au  blindage a été constituée de fils métalliques en raison de la 

conductivité électrique élevée des métaux. Cependant, ces produits souffrent d'une mauvaise 

lavabilité et d'un inconfort pour les applications textiles souples. 

Dans cette étude, un monofilament conducteur à base de polymère thermoplastique a été 

développé et tissé pour fabriquer des dispositifs de protection individuels portatifs afin de pallier 

aux limitations des tissus contenants des fils métalliques. Par conséquent, la contribution majeure 

de cette étude est la formulation, la production et la caractérisation de monofilaments de 

nanocomposites polymères conducteurs (CPC). L'intégration des monofilaments développés dans 

des tissus est destinée à protéger les femmes enceintes et leurs fœtus contre les effets néfastes des 

ondes électromagnétiques dans la vie de tous les jours. 

Dans un premier temps, les effets des paramètres structurels des étoffes tissées (par exemple les 

armures, la densité des fils conducteurs et l’ondulation des fils) ont été étudiés sur le 

comportement EMSE. Les résultats suggèrent que le changement de position des fils conducteurs 

en changeant les paramètres structurels telles que l’ondulation des fils a joué un rôle important 

dans l'efficacité des échantillons tissés. Plus précisément, l'augmentation de seulement 7% de 

l’ondulation des fils conducteurs a entraîné une amélioration de 17% de l'EMSE en raison de 

l'augmentation de la quantité de fils conducteurs dans l'épaisseur des échantillons tissés en 3D.  

Des monofilaments CPC contenant des nanotubes de carbone multiparois et du noir de carbone 

incorporés dans un polymère thermoplastique (PA6,6) ont été produits en utilisant un procédé de 

mélange à l'état fondu (extrusion). De plus, les propriétés morphologiques, électriques et 

mécaniques des nanocomposites ont été étudiées. 

Les résultats ont montré que la conductivité électrique du monofilament nanocomposite à base de 

PA6,6 était améliorée grâce à la synergie entre les nanocharges  carbonées. De plus, la viscosité 

était dans la plage standard pour le processus d'extrusion à l'état fondu. Le monofilament 

développé était plus léger, et résistant à la corrosion que les fils métalliques, avec un procédé de 
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mise ne œuvre standard pour les filaments textiles. 

Le monofilament nanocomposite développé a été intégré dans les structures de tissu tissé et 

l'EMSE des tissus fabriqués a été évaluée dans la gamme de fréquences de 1-10 GHz. Les 

résultats ont révélé que le blindage des tissus à l'aide du monofilament développé était prometteur 

pour la protection individuelle (EMSE≥10dB). De plus, l'incorporation des monofilaments avec 

une conductivité plus élevée ou l'application d'une plus grande densité de monofilaments 

conducteurs dans la structure du tissu a conduit à une meilleure atténuation. 

De plus, puisque le but ultime de cette recherche est de protéger la mère et le fœtus contre les 

effets nocifs des ondes électromagnétiques, une méthode graphique paramétrique a été utilisée 

pour développer un mannequin adaptatif 3D basé sur la tendance à la prise de poids pendant la 

grossesse. Enfin, le mannequin a été appliqué pour concevoir un motif en bloc pour la confection 

de vêtements personnalisés avec les tissus  EMSE fabriqués. 

Mots clés: Nanocomposites polymères conducteurs, Nanotubes de carbone à multiparois, Noir de 

carbone, Effet de synergie des nanocharges de carbone, Tissage 3D,, Conductivité électrique, 

Efficacité du blindage électromagnétique, Mannequin virtuel 3D pour la période de grossesse, 

Modèle de bloc de vêtement 
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Rezumat 

Datorită preocupărilor crescute privind problemelor de sănătate cauzate de expunerea umană la 

radiații, în ultimii ani s-au propus numeroase soluții textile cu eficacitate a ecranării 

electromagnetice (EMSE). Materialele electro-conductive produc și conduc sarcini libere, ceea ce 

le conferă proprietăți de ecranare electromagnetică.Prima generație de materiale textile de 

ecranare a fost realizată din fire metalice și compozite, datorită conductivității electrice ridicate a 

metalelor. Acest tip de produse sunt greu lavabile și incomode, ceea ce le fac neadecvate pentru 

utilizarea ca îmbrăcăminte. 

În acest studiu, a fost propus și dezvoltat un monofilament conductiv pe bază de polimeri pentru 

realizarea imbracamintei de protecție, cu scopul de a depăși limitările materialelor textile clasice 

de ecranare, care conțin fire metalice. Prin urmare, contribuția principală a acestui studiu este 

formularea, producerea și caracterizarea unor monofilamente din materiale compozite polimerice 

conductive (CPC) și integrarea acestora în materiale țesute destinate protejării femeilor 

însărcinate și a fetușilor împotriva efectelor dăunătoare ale undelor electromagnetice prezente în 

mediile de viață ale oamenilor. 

În primă fază au fost studiate efectele parametrilor structurali ai țesăturilor (de exemplu legătura, 

densimea firelor conductive, contracția firelor) asupra comportamentului EMSE. Rezultatele au 

sugerat că schimbarea poziției firelor conductive prin modificarea parametrilor structurali, cum ar 

fi gradul de undulare a firelor, a jucat un rol semnificativ în EMSE-ul variantelor țesute. Mai 

exact, o creștere cu doar 7% a contracției firelor de urzeală conductive a dus la o îmbunătățire a 

EMSE de 17%, datorită creșterii poziționării firelor conductive pe direcție verticală în varianta 

țesută 3D warp interlock. 

În etapa următoare, monofilamente CPC au fost produse prin încorporarea de nanotuburi de 

carbon cu pereți multipli și nanoparticule de negru de fum într-un polimer termoplastic 

(poliamidă PA6,6) folosind un proces de topire și amestecare, după care au fost cercetate 

proprietățile morfologice, electrice și mecanice ale nanocompozitelor. 

Rezultatele au arătat o îmbunătățire a conductivitatății electrice a nanocompozitului bazat pe 

PA6,6 datorită sinergiei dintre nanoparticulele de carbon. În plus, vâscozitatea soluției de amestec 

obținute s-a încadrat în intervalul standard pentru procesul de extrudare prin topire. 

Monofilamentul realizat are masă redusă, est rezistent la coroziune, iar procesul de fabricație este 
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mai facil în comparație cu cel pentru fire metalice, datorită faptului că extrudarea este o metodă 

ușor adaptabilă și rentabilă pentru producerea polimerilor termoplastici.  

Monofilamentul de nanocompozit dezvoltat a fost integrat în structuri țesute și EMSE-ul 

țesăturilor fabricate a fost evaluat în intervalul de frecvență de 1-10 GHz. Rezultatele au arătat 

faptul că proprietatea de ecranare a materialelor produse folosind monofilamentul dezvoltat a fost 

promițătoare pentru protecția personală (EMSE≥10dB). De asemenea, încorporarea 

monofilamentelor cu o conductivitate mai mare și creșterea desimii monofilamentelor conductive 

din țesătură au determinat o atenuare mai bună. 

Mai mult, având în vedere că scopul final al acestei cercetări este protejarea, atât a mamei cât și a 

fetusului, împotriva efectelor nocive ale undelor electromagnetice, a fost utilizată o metodă  

parametrică grafică pentru a dezvolta un manechin adaptiv 3D bazat pe creșterea în greutate din 

timpul sarcinii. În cele din urmă, manechinul a fost folosit pentru proiectarea unui tiparelor pentru 

confecționarea personalizată a articolelor de îmbrăcăminte cu țesăturile EMSE fabricate. 

Cuvinte cheie: nanocompozite polimerice conductive, nanotuburi de carbon cu pereți multipli, 

negru de fum, efectul sinergic al nanoparticulelor de carbon, țesături compuse, conductivitate 

electrică, eficacitatea ecranării electromagnetice, manechin virtual 3D pentru perioada de sarcină, 

tipare pentru îmbrăcăminte 
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导电复合纱织物的电磁辐射防护孕妇服装研究 

摘   要 

由于人们对辐射引起的健康问题的日益关注，纺织品在电磁屏蔽效能（EMSE）方面

的应用得到了广泛的重视。导电材料能够产生和传输自由电荷，从而产生屏蔽功能。由于

金属材料具有优良的导电性，第一代屏蔽材料就是由金属丝和复合材料制成。然而，这些

产品的耐水洗性差，不适于纺织服装的应用。 

为了克服传统金属丝加工的屏蔽织物的不足之处，本研究开发了一种聚合物基导电单

丝，并将其应用于制作个人穿戴防护装置。这项研究的主要贡献包括导电聚合物纳米复合

材料（CPC）单丝的配方、生产、特性，以及将所开发的单丝集成到用于保护孕妇及其胎

儿免受人类生活环境中电磁波有害影响的织物之中。 

首先，研究了机织物结构参数（包括组织结构、导电纱密度、纱线屈曲波）对电磁屏

蔽效能EMSE的影响。研究结果表明，通过改变织物的屈曲波等结构参数来改变导电纱的

位置，对织物变形后的电磁屏蔽效能EMSE起着重要的影响作用。具体地说，只增加7%的

导电纱线屈曲波，就能够导致电磁屏蔽效能EMSE提高17%，这是由于导电经线三维交织

时屈曲波高度增加，可以达到增加厚度的目的。 

本研究中，制备了含有多层碳纳米管和炭黑的CPC单丝，利用熔融混合工艺将碳黑材

料与热塑性高聚物（PA6，6）相结合，并对纳米复合材料的形态、电学性能和机械性能

进行了研究。 

结果表明，由于碳纳米填料之间的协同作用，热塑性高聚物（PA6，6）基纳米复合单

丝的导电性有所提高。此外，熔体挤出过程中的粘度也在标准范围内。由于挤出是一种适

用于热塑性聚合物且成本效益高的方法，因此，所开发的单丝具有轻质、耐腐蚀的特点，

并且与金属丝相比，其制造工艺非常成熟。 

将研制的纳米复合单丝加工到机织物中，在1-10GHz频率范围内对所制机织物的电磁

屏蔽效能EMSE进行了评价。结果表明，用该单丝制织的织物具有良好的屏蔽性能（

EMSE≥10dB）。此外，在织物结构中加入导电率较高的单丝或提高导电单丝的密度，可

是电磁辐射强度得到更大程度的衰减。 
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此外，由于本研究的最终目标是保护母亲和胎儿免受电磁波的有害影响，因此采用参

数化制图方法开发了一种基于孕期体重增长趋势的三维自适应人体模型，并将该人体模型

应用于电磁辐射防护机织物的个性化成衣设计中。 

关键词：导电聚合物纳米复合材料，多层碳纳米管，炭黑，纳米碳填料的协同效应，

复合机织物，导电性，电磁屏蔽效果，妊娠期三维虚拟人体模型，服装样板原型 
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Introduction  

The concern about health issues caused by human exposure to radiation has been currently 

increased due to the fact that electrical devices (e.g. cell phones and microwave ovens) are 

commonly used all over the world. As a matter of fact, electromagnetic waves which are emitted 

by the electrical devices have harmful effects on the human body [1], [2].  

The magnitude of the damage on the human body depends on the frequency, intensity, and 

polarization of electromagnetic waves. For example, ionizing electromagnetic waves (e.g. X-rays 

and Gamma rays) contains sufficient electromagnetic energy to strip atoms and molecules from 

body tissues and changes the biochemical reactions in the body.  

In contrast, the energy of non-ionizing electromagnetic waves is below the required extent for 

effects at the atomic level. The specific long-term effects resulting from extensive exposure to 

non-ionizing radiation are not completely clear at the moment although the body temperature rise 

is generated by exposure to non-ionizing electromagnetic waves.  

However, a number of studies suggested potential health hazards that are linked to the exposure 

to the non-ionizing radiation. For instance, the effects of mobile phone use on the central nervous 

system, increasing the skin surface temperature during mobile phone use, and the absorption rate 

of the electromagnetic field in the vicinity of mobile phone base stations were reviewed by 

numerous studies [3]–[7]. In addition, the effects of electromagnetic waves have been extensively 

investigated on the body organs of rats in order to examine the impacts of electromagnetic waves 

on a living organism [8]–[11].  

Moreover, there is a major concern that fetuses and children are more vulnerable than adults to 

the potential influences of exposure to radiation given the rapid development of neurological and 

organ systems in early life and the extended impacts over the entire lifetime [12]–[17]. Thus, it is 

of great importance to protect the pregnant women and their fetuses against likely hazards caused 

by non-ionizing electromagnetic waves emitted in our living environment in the direction of 

ensuring a healthier society.  

Major efforts have been put forward in the last few years to make electromagnetic shielding 

effectiveness textiles aimed at different frequency ranges due to the above-mentioned issues 

caused by human exposure to the electromagnetic waves. It is noted that the electrically 
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conductive materials (e.g. metals) generate and transport free charges which lead to 

electromagnetic shielding effectiveness.  

In the beginning, metallic composites and yarns were used for developing electromagnetic 

shielding behaviour in the textiles industry. However, the usage of traditional metallic composites 

and yarns is limited for electromagnetic shielding textiles because of high density (heavyweight), 

poor mechanical flexibility, and corrosiveness of metals together with expensive processing costs.  

Also, it is noted that polymer-based materials are broadly found in our daily life, mostly due to 

reasonably low cost, lightweight, flexibility, and corrosion resistance of polymers while 

functional polymers advanced providing countless high-value products, for example, 

antibacterial, reinforcing structures, electromagnetic shielding effectiveness, etc. 

Therefore, hereafter, the shielding materials and textiles are principally concentrated on using 

carbons as the conductive component in the polymeric nanocomposites due to the fact that 

conductive polymer nanocomposites (CPCs) are mostly lightweight and corrosion-resistant and 

their manufacturing process is very well established in comparison with metal yarns (e.g. 

applying the melt mixing method as an adaptable, cost-effective, and environmentally friendly 

technique) [18]. 

The main objective of this thesis was to make a scalable wearable device designed for the 

pregnancy period for shielding against electromagnetic waves in the human living environment. 

Accordingly, this thesis focused on making a novel conductive thermoplastic monofilament with 

the potential of mass customization for electromagnetic shielding textile applications. A suitable 

candidate was suggested in consideration of the required electromagnetic shielding effectiveness 

performance, monofilament uniformity and acceptable viscosity of the nanocomposite for the 

monofilament making process using melt extrusion technique.  

Thesis framework 

This project has been comprehended in the framework of Erasmus Mundus joint doctorate project 

as a part of SMDTex (sustainable management and design for textiles) program. The thesis work 

was carried out at three different universities, ENSAIT- GEMTEX, France; Gheorghe Asachi 

Technical University of Iasi, Romania and Soochow University, China in a period of 48 months.   

One of the objectives of this work was to determine the effects of woven characteristics on the 

shielding performance of the fabrics. Another main objective was to develop a new hybrid 

electroconductive nanocomposite monofilament using carbon nanofillers with the aim of 
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optimizing the loading of the nanofillers. In addition, the developed hybrid yarn was used to 

manufacture an electromagnetic shielding woven fabric intended for personal protective clothing 

during pregnancy period. 

The Ph.D. thesis is structured into five different chapters as below: 

Chapter 1 deals with the state of the art, the theme of the thesis and covers a comprehensive 

review of the relevant literature. This chapter presents electromagnetic shielding effectiveness 

theory and reviews the completed studies of the shielding textiles while the solutions, scope, and 

limitations of using different electrically conductive materials are described. Also, it presents the 

proposed strategy to justify the ideas and goals of the thesis. 

Chapter 2 presents the effects of structural parameters of the woven fabrics using commercial 

metal yarns on the performance of the fabrics designed for electromagnetic shielding 

effectiveness. Details of the materials, manufacturing process and shielding measurements are 

discussed. The main objective was to clarify in what way fabric properties have effects on the 

level of protection against radiation.  

Chapter 3 introduces an electrically conductive polymer-based monofilament for the reason that 

conductive polymer nanocomposites (CPCs) are commonly lightweight, corrosion-resistant, and 

the manufacturing process is well established compared to metal yarns. The morphological and 

electrical characterizations of the CPCs and the shielding of the developed woven fabrics are also 

deliberated in a specific frequency range in this chapter.  

Chapter 4 presents a 3D virtual mannequin making for pregnancy period intended for 

electromagnetic shielding garment design with the aim of protecting mothers and fetuses against 

radiation.  

In the last chapter, the general conclusions and contributions of the thesis based on the results and 

discussions in the above-mentioned chapters are presented. To finish, potential future research 

directions that would need further investigation are outlined.  
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1 Chapter 1: State of the art   

This chapter talks about electromagnetic shielding effectiveness theory and completes a review of 

electromagnetic shielding effectiveness characteristics, measurements, and previous studies of the 

electromagnetic shielding effectiveness textiles using a range of electrically conductive materials 

(e.g. metals, intrinsic conductive polymers, and carbon fillers). 

Metallic composites and yarns are traditional materials which are used for electromagnetic 

shielding applications in textiles. However, metals characteristics including high density, poor 

flexibility, corrosiveness, and expensive processing cost limit the usage of metals for 

electromagnetic shielding applications.  

Alternatively, polymer-based composites are a class of engineering materials containing a blend 

of two or more components to produce a multiphase system with different properties from the 

components and they have been extensively used in textile industry for different functions and 

applications.  

For instance, carbon-filled polymer nanocomposites which are known as conductive polymer 

nanocomposites (CPCs) consist of conductive carbon nanofillers in polymer matrices with the 

aim of mechanical and electrical properties improvement of the polymer matrix for different 

applications (e.g. heating textile, electromagnetic shielding applications, etc.).   

Carbon nanotube (CNT) including single wall carbon nanotube (SWCNT) and multiwall carbon 

nanotube (MWCNT) as well as carbon black (CB) have been mostly used as electrically 

conductive nanofillers in CPCs generating due to the electrical conductivity enhancement in a 

polymer matrix at low nanofiller content. Accordingly, a summary of completed studies on 

electrically conductive textiles development using polymer-based nanocomposites filled with 

carbon nanofillers for different applications including electromagnetic shielding effectiveness is 

deliberated in the following chapter. 

1.1 Electromagnetic shielding effectiveness characteristics and measurement methods  

 The electromagnetic waves definition 

Electromagnetic waves consist of oscillating magnetic field and electric field while the electric 

field and magnetic field of an electromagnetic wave are at right angles to each other and both are 

perpendicular to the direction of the electromagnetic wave [19]. 
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These days, electrical devices such as cell phones, microwave ovens, wireless routers, televisions, 

etc. are used all around the world. These electrical devices emit electromagnetic waves into our 

living environment. There are two main categories of electromagnetic waves based on the 

frequency ranges (ionizing and non-ionizing electromagnetic waves) as specified in Figure 1-1 

[20].  

Ionizing and non-ionizing electromagnetic waves have diverse and unequal effects on human 

body due to the dissimilar performance of the electromagnetic waves at different frequency from 

low frequency through radio frequency (RF) and microwaves, to Infrared (IR) light, visible light, 

ultraviolet (UV) light, X-rays, and Gamma rays.  

In recent decades, the concern about health issues caused by human exposure to radiation such as 

a headache, fatigue, and cancer has been increased [1]–[6]. It should be taken into consideration 

that fetuses are at higher risk in confronting with the detrimental effects of electromagnetic 

waves. The reason is correlated to the rapid development of neurological and organ systems in 

early stage of fetus life [16], [17]. 

 

Figure 1-1- Electromagnetic radiation spectrum [20] 

 Electromagnetic shielding effectiveness theory  

The electromagnetic shielding effectiveness (EMSE) can be outlined as the ratio of the energy 

impinging on a side of the shield to the transmitted energy out the other side. Absorption and 

reflection occur when an electromagnetic wave passes through a shield and the remaining energy 

is the energy that emerges out from the shield [19], [21]–[23].  

The EMSE is identified in terms of reduction in an electric field (E), magnetic field (H) or plane-



 

6 

 

wave strength (P) by applying shielding materials. Consequently, EMSE is expressed in decibels 

(dB) as a function of the logarithmic ratio of the electric, magnetic or plane-wave strength before 

(Ei, Hi or Pi) and after (Et, Ht or Pt) attenuation, (equation (1)).   

EMSE(dB) = 20log
Et

Ei
= 20log

Ht

Hi
= 10 log

Pt

Pi
        (1) 

 The correlation between electrical conductivity and electromagnetic shielding 

effectiveness  

Generally speaking, electrically conductive materials generate and transport free charges which 

lead to EMSE behavior. The electromagnetic shield material attenuates the transmission of 

electromagnetic waves from one region to another using movable charge carriers (electrons or 

holes), or electric and magnetic dipoles [24], [25]. 

The electromagnetic shielding mechanism is strongly associated with the characteristic of the 

attenuator or shield material where there are three shielding mechanisms by reflection (SER), 

absorption (SEA), and internal or multiple-reflection (SEM) as indicated in Figure 1-2. It should be 

noted that the total electromagnetic shielding effectiveness is the accumulation of the shielding of 

three different mechanisms as shown in equation (2) [25]. 

EMSE (dB) = SER + SEA + SEM        (2)  

 

Figure 1-2- Multiple mechanisms which contribute to the attenuation of an incident field [11] 

The mobile charge carries interaction with the electromagnetic wave of the shielding material 

leads to a shielding reflection mechanism (SER). In addition, the absorption mechanism (SEA) 

occurs when the material has electric and/or magnetic dipoles of the shielding material interact 
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with the electromagnetic field. As a result, absorption arises for materials with high dielectric 

constant or high magnetic permeability. Also, the multiple-reflection mechanism transpires if the 

electromagnetic wave reflects from the second inner boundary to the first reflected back and forth 

within the material. It should be noted that the multi-reflection mechanism is generally negligible 

and can be ignored when SEA ≥10 dB.  

The SER and SEA can be calculated according to equations (3) and (4) which was suggested by 

Al-Saleh and Sundararaj [26] where f is the frequency of radiation (Hz), μ is the magnetic 

permeability of the shield (H/m),  shows the electrical conductivity (S/m), δ is the skin depth 

and t is the thickness of the shielding material (m). It should be noted that μ=μ0μr when μ0 is the 

permeability of vacuum and μr is equal to 1 for carbon-based materials.  

SER = 10 log (
σ

2πfμ
) + 39.5         (3) 

SEA = 8.7
t

δ
   , δ =

1

√πfμσ
          (4) 

EMSE can be defined experimentally by measuring the amount of power of a reflected (R) or 

transmitted (T) incident radiation using complex scattering parameters. As a result, the absorbed 

radiation (A) can be calculated using equation (5) when the incident radiation power is 1 

milliwatt. Finally, the EMSE by reflection and absorption mechanisms are defined as given in 

equation (6) and equation (7) considering the experimental data coefficients of R and T [24]–[28]. 

Consequently, the EMSE is determined using equation (8) which is the same as equation (1).  

I=1=R+T+A           (5) 

SER = 10log (
I

I−R
)          (6) 

SEA = 10log (
I−R

T
)          (7) 

EMSE = SER + SEA = 20log (
I

T
)        (8) 

 Electromagnetic shielding effectiveness measurement methods   

A number of techniques have been established and used by different studies to evaluate the 

EMSE of planar structures (e.g. fabrics) [29]–[38]. However, different methods of EMSE 

measurements produce dissimilar performance values which are generally hard to correlate with 

one another [39]. Some of the common EMSE methods are concisely discussed in the following. 
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 Transverse electromagnetic cell method with a circular coaxial holder  

Transverse electromagnetic cell method (TEM) with circular coaxial holder for measuring the 

EMSE of planar materials was primarily developed and published in standard ASTM D4935 

when the continuous conductor version is an expanded 50Ω coaxial transmission line [29]. The 

proposed method is still used to measure the EMSE of planar materials for a plane-wave although 

this method is no longer a formal standard. A schematic of the EMSE measurement setup based 

on standard ASTM D4935 is presented in Figure 1-3.  

 

Figure 1-3- Schematic of the EMSE measurement setup based on standard ASTM D4935 [29], 

[31] 

First, a reference sample is located in the test adapter in order to consider the cable losses and the 

coupling capacitance. Second, the sample of a shield planar material is placed in the test adapter 

and the logarithmic ratio of these two measurements introduces the EMSE of the shield specimen 

in dB as presented in equation (1). It should be taken into consideration that the thickness of the 

specimen should be smaller than 1/100 of the wavelength of the required electromagnetic waves 

for the EMSE measurement. This method has been applied by several studies to measure the 

ESME of textile materials [30], [40]–[47]. 

This measurement setup applies for a frequency range of 30 MHz to 1.5 GHz while it can be 

applied to measure the EMSE at a lower frequency range or higher frequency range. However, 

the limitation of the frequency range is based on reducing displacement current as a result of 

decreased capacitive coupling at lower frequency range or because of the induction of higher 

order modes in higher frequency which states that the field inside the test adapter is no longer a 

TEM wave for a specific specimen size. 
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Also, dual-TEM is a modified TEM method while two cells are linked together for EMSE 

measurement when they are coupled through an opening in the common wall [39], [48]. 

However, the frequency range for the dual-TEM method is between 1 and 200 (MHz).  

 MIL-STD-285 standard and the modified methods  

The MIL-STD-285 standard method was initially established by the American military standard 

in 1956 for EMSE measurements [49]. A number of improved methods according to this standard 

have been developed although the standard was withdrawn years ago. The measuring setup based 

on this standard includes two screened rooms with one common wall while this wall has an 

aperture for the sample insertion as shown in Figure 1-4 [31], [39], [48].  

This standard is the most common referenced for EMSE measurements in the frequency between 

a few MHz to 10 GHz [31]. The transmitting and receiving antennas are directed toward one 

another and are at a specified distance from each other. The receiver antenna measures the 

transferred power with and without the sample in the opening on the common wall and the EMSE 

is obtained by the logarithmic ratio between these two measurements. The main negative point of 

this method is that the measurement is dependent on the antenna distance from the wall along 

with the reflections of the electromagnetic wave inside the shielded enclosure.  

The EMSE measurement method according to standard MIL-STD-285 was replaced by a revised 

version in order to reduce the complications of the reflections caused by absorbing material in the 

shielded rooms and as a result, the frequency range extended to 100 GHz [41]. 

It should be noted that an anechoic chamber has been employed to measure the EMSE of the 

textile planar materials like fabrics by a number of studies which work according to the standard 

MIL-STD-285 modified methods [30], [34], [35], [50], [51]. However, such electromagnetic 

measurements are dependent on the wave polarization and can be different from EMSE in a 

realistic electromagnetic environment.  
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Figure 1-4- The EMSE measurement setup according to the standard MIL-STD-285 [48] 

 Mode-stirred chamber method 

The mode-stirred chamber is an alternative method that allows having a better evaluation of the 

EMSE in a realistic electromagnetic environment, and it is commonly considered by the 

electromagnetic compatibility community [42].  

The dual mode-stirred chamber method was established by the national institute of standards and 

technology (NIST) of the United States when it includes two mode-stirred chambers next to each 

other having a common wall with an aperture for sample insertion [52], [53]. A mode stirring 

arrangement was applied in a shielded enclosure in the dual mode-stirred chamber method to 

generate electromagnetic fields with a specified number of modes within the chamber [48]. 

In this method, the placement of antennas is not a critical issue although this method needs 

equipment to control the mode stirring which can be expensive. The lowest frequency of this 

method depends on the smallest size of the mode-stirred chambers. In other words, the smallest 

distance inside a chamber should be seven times the wavelength of the lowest frequency which is 

almost 500 MHz as reported by related studies [39], [48]. 

Also, a simple sketch of the nested mode-stirred chamber for shielding effectiveness 

measurement based on standard IEC61000-4-21 is represented in Figure 1-5 [36]–[38], [54]–

[58]. The mode-stirred chamber allows evaluating the EMSE in a realistic electromagnetic 

environment where the wave polarization cannot be controlled. Specific electromagnetic 

environment results from the characteristics of the reverberation chamber, stirrers, and antennas, 
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and a statistical study of field arrangement in the chamber produced by different positions of the 

stirrer.  

 
Figure 1-5- Schematic of the mode-stirred chamber for EMSE measurements [59] 

The experimental EMSE setup in a reverberation mode-stirred chamber includes an emitting 

antenna and a mode-stirrer producing the external ambient electromagnetic energy around a 

closed region formed by a metallic box. On one side of the box, only a window allows to couple a 

receiving antenna to the ambient electromagnetic energy. The sample under test is introduced in 

front of the window and the transmitted power to the receiving antenna is measured and the mean 

value of all the introduced angles is calculated. The EMSE is the ratio of this mean value to the 

calculated mean value of the EMSE measurement of one complete turn (360 degrees) without 

sample as a reference measure. It should be taken into consideration that all the wave 

polarizations can be considered for the measurement thanks to the stirrer rotation.  

Furthermore, there are some other methods to evaluate the EMSE of materials which are not 

widely used (e.g. dual-chamber test fixture (ASTM ES7-83) and free space method) due to the 

lack of accuracy of the measurement or the frequency range limit [41], [42], [48], [60]. 

It is concluded that measured values of EMSE in a mode-stirred chamber are close to the values 

in a realistic electromagnetic environment by averaging the field measured in several stirrer 

positions corresponding to a large number of field configurations and polarization. 

On the other hand, line-of-sight characterization achieved by measurements in an anechoic 



 

12 

 

chamber describes the transmission of the wave through the sample, and it strongly depends on 

wave polarization and the incidence of the impinging waves. Moreover, methods based on 

coaxial TEM cells have been experimentally validated in the low frequency range. The wider 

frequency range can be used by lowering the TEM cell dimensions but in this case, the sample 

size should be smaller and the mechanical processing could be difficult.  

To sum up, all the aforementioned methods can be used for the EMSE measurements of fabrics 

with regard to the frequency range and types or dimensions of shield materials. Anechoic and 

mode-stirred chambers are two approaches utilized for EMSE measurements in the present thesis 

due to the targeted frequency ranges. It is also noted that the measurement in the mode-stirred 

chamber gives a realistic electromagnetic environment where the wave polarization cannot be 

controlled (e.g. the human living environments).  

1.2 Electromagnetic shielding effectiveness textiles 

Textiles have been broadly considered in the applications of electromagnetic shielding 

effectiveness (EMSE). As explained earlier, electromagnetic shielding effectiveness (EMSE) can 

be performed using electrically conductive materials to protect the human body against the 

detrimental effects of electromagnetic waves as the electrically conductive materials can generate 

and transport free charges which lead to electromagnetic shielding effectiveness [23], [61].  

It should be taken into consideration that more often than not, textiles are not intrinsically 

electrical conductive materials. Therefore, there are various systems to enhance the electrical 

conductivity for electromagnetic shielding effectiveness applications.  

A large number of studies related to the manufacturing of electrical conductive fabrics for EMSE 

applications have been completed at different frequency ranges. Metals, intrinsic conductive 

polymers (ICPs), and carbons are three main electrical conductive categories of materials which 

have been widely used with the purpose of electrically conductive development using different 

processes for different functions and applications in textiles (e.g. electromagnetic shielding 

effectiveness).  

 Electromagnetic shielding textiles using metals as conductive material 

One of the widespread techniques for electrical conductivity enhancement in textiles is to coat the 

surface of textiles with metal layers. In addition, electrical conductivity can be enhanced by 

integrating metal yarns or fibers inside the fabric structures. There are three main fabric making 
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methods, weaving, knitting, and nonwoven fabric making process when all can be applied to 

manufacture electrically conductive fabrics for EMSE applications. 

It is noted that fabric making methods and characteristics could alter the EMSE of the fabrics and 

that’s is the reason that different fabric making processes have been applied for EMSE 

development aimed at different frequencies.  

 Commercial textile products  

A large number of commercial EMSE textiles have been industrialized to protect the human body 

or sensitive devices against radiation. Metals (e.g. copper, silver, nickel, and stainless steel) have 

been widely used for making EMSE commercial textile products due to the high electrical 

conductivity of metals [62], [63].  

For example, FlecTron® is a copper-plated nylon woven fabric with a low surface resistivity 

while it is recommended to be applied for making shielded enclosures or clothing. Also, 

FlecTron®-N (Figure 1-6) is another commercial EMSE fabric that has superior tarnish 

resistance owing to the addition of nickel to the fabric. However, nickel causes skin allergies and 

cannot be used in direct contact with the human skin [64],[65].  

 

Figure 1-6- FlecTron®-N [64] 

In addition, Shieldit® (given in Figure 1-7) is rugged plain weave nylon plated with tin and 

copper for excellent electromagnetic shielding properties. This fabric is coated with conductive 

acrylic on one side of the fabric and a hot melt adhesive with polyethylene barrier on another side 

of the fabric for better washability. It is been stated that the EMSE of this fabric is 80 dB at 100 

MHz with the targeted application of shielding the extension cords and computer cables. 

However, this fabric doesn't breathe well and it can cause skin irritation as a result of plastic 

coatings which make it inapplicable for clothing applications [62], [64].  
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Figure 1-7- Shieldit® fabric structure [64] 

As a final point, these products suffer from some weaknesses like heavy weight due to the high 

density of metals, expensive and uneconomic production processing, inflexibility; poor 

washability, poor breathability, oxidation or mechanical abrasion.  

Therefore, in recent decades, it has been tried to overcome the limitations and difficulties of the 

available commercial products by proposing better alternatives for EMSE applications.  

 Metal coating on the textile surface 

Metals were initially used for decorative purposes in textile industry. Afterward, they have been 

extensively used due to the high electrical conductivity since the vapor deposition techniques 

development started in the 1960s [66]. Consequently, a range of metals like copper, silver, tin, 

stainless steel, nickel, aluminum, and gold has been utilized in order to improve the electrical 

conductivity of common textiles. One of the techniques to add metals to the common textile 

materials is metal coating process (e.g. electroless plating, sputtering, and dip coating methods) 

[53], [67]–[69]. 

For example, electrically conductivity enhancement by combining silver nanowires and fabric 

threads using a dip-coating method was generated by Goldthorpe group [67]. They established 

electrical conductive textiles by coating the surfaces of polyester, polyamide and cotton threads 

with random networks of solution-synthesized silver nanowires. 

In another study, the development of metal-coated fibers for application in textile electrodes was 

investigated by Gasana et al. [68]. They proposed electrical conductivity improvement by a 

chemical coating of polypyrrole (intrinsic conductive polymer) and copper metallization at 

polyaramide surfaces. They observed that DC-electroconductive polyaramide structures were 

attained when the copper was deposited on top of the prior deposited polypyrrole layer.   



 

15 

 

Moreover, a set of textiles were coated with metal particles to become electrically conductive and 

electromagnetic shield by Lu et al. [69]. They fabricated a compact and continuous silver coating 

on modified polyethylene terephthalate (PET) fabric using an ultrasonic-assisted electroless 

plating technique. They declared that the shielding effectiveness of the silver-coated fabrics was 

about 32 dB at the frequency range of 0.01 MHz -18 GHz.  

  Knitting fabrics made of metal yarns  

Few studies have proposed knitted fabrics for electromagnetic shielding effectiveness (EMSE) 

applications due to the fact that knitted fabrics provide a high degree of flexibility and 

comfortability for the wearer [50], [70]–[75]. For example, Perumalraj and Dasaradan studied the 

EMSE of knitted fabrics containing copper core yarns [70]. They knitted a range of knitted 

structures using copper core yarns when copper wires with different diameters (0.1, 0.11 and 0.12 

mm) were used as core and cotton fibers were applied as sheath material. After that, they 

measured the EMSE of the manufactured fabrics in the frequency range of 20-18000 MHz. They 

said that an increase in the EMSE values was observed with an increase of wale density, course 

density and tightness factor of the knitted fabrics. They also suggested that the weft-knitted fabric 

with interlock structure showed higher attenuation in comparison with the weft-knitted fabric 

with plain and rib structures. They suggested the manufactured knitted fabrics for the industrial 

appliances shield, such as industrial electronic gadgets, power lines, mobile radio, TV broadcasts, 

receivers, and etc.  

Also, the EMSE of copper/cotton full milano and 1×1 rib weft-knitted fabrics at a frequency 

range between 0.03 and 1.5 GHz was studied by Mofarah et al. [71]. They observed that the 

heavier and thicker knitted fabrics with larger stitch density had higher EMSE values. They also 

described that the knitted fabric with milano knit structure showed higher EMSE values than the 

one with 1×1 rib knit structure as a result of using more conductive yarns in milano structure. 

In another study, Cheng et al. manufactured copper/glass knitted fabrics reinforced polypropylene 

composites and evaluated the EMSE of the developed fabrics [74]. They applied glass fibers as 

the reinforcement and copper wires as the electrically conductive material for composites making. 

They suggested that the EMSE of the knitted fabrics was altered by the quantity of copper in the 

composite which was varied by changing the knit structure, stitch density and linear density of 

the yarns.  
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 Using metal fibers in nonwoven structures  

A number of studies have been completed in the field of nonwoven fabrics for electromagnetic 

shielding effectiveness applications in textiles [76]–[81]. For instance, two layers of nonwoven 

fabrics and a layer of chopped copper wires were used to make nonwoven fabrics with the aim of 

producing functional nonwoven insulation material having EMSE properties by Çeken et al. [78]. 

They suggested that the EMSE values were reasonable in the frequency range between 1125 

MHz and 2925 MHz. On the other hand, the produced nonwoven fabrics were relatively bulky 

and the manufactured nonwoven fabrics were recommended for applications in the construction 

and automotive industry.  

In another study, Ozen et al. investigated the EMSE of needle-punched nonwoven fabrics made 

of stainless steel/polyester and polyester fibers [80]. They stated that the EMSE increased at low, 

medium and high frequencies (15-3000MHz) by increasing the conductive stainless steel fiber 

content in the manufactured nonwoven structures. However, the porosity of the surfaces was 

introduced as the main source of the EMSE reduction of the nonwoven fabrics.  

As a final point, it should be mentioned that although nonwoven structures have attracted 

attention for the EMSE applications, they are not capable for wearable applications due to the 

high thickness and uncomfortability. 

 Woven fabrics containing metal yarns and the effects of the structural characteristics 

Woven fabrics are any textiles consist of at least two sets of yarns (warp and weft) that interlace 

perpendicularly to each other on a weaving machine. Taking into account that a satisfactory level 

of EMSE can be obtained by arranging the conductive yarns in an orthogonal grid, woven fabrics 

have been highly considered for EMSE applications in textile industry where the influences of 

fabric characteristics have been discussed [82]–[87].  

For example, Liu and Wang studied the influence of weave structures on the EMSE of the woven 

fabrics [84]. They declared that the float of the yarns was the key factor in the EMSE level of the 

woven fabrics. They suggested that the EMSE of the plain-woven fabric was better than that of 

the twill woven fabric followed by the satin woven fabric while the fabric parameters of density, 

yarn linear density, and metal content remained unchanged. It should be noted that they studied 

the EMSE of a number of simple woven fabrics although the information about how the stainless 

steel yarns placed in the woven structures was not discussed.  
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In another study, Ozdemir et al. made woven fabrics using different weave structures (Figure 1-8) 

with textured steel yarns as electrically conductive material [85]. They declared that the EMSE 

was not changed with varying the weave structures due to the diagonally arranged of the yarn 

floats in the woven samples (2/2 twill, 3/1 twill, whipcord, barathea, and crepe weave structures 

s). On the other hand, the symmetrical arrangement of the yarn floats led to the EMSE decrease 

of the woven fabric weaved with herringbone weave structure.  

 

(a) (b) (c) (d) (e) (f) 

Figure 1-8- (a) 2/2 Twill, (b) 3/1 Twill, (c) Herringbone, (d) Whipcord, (e) Barathea, and (f) 

Crepe weave patterns [85] 

Furthermore, the EMSE of stainless steel/polyester woven fabrics was investigated by Cheng and 

Lee where the conductive yarns were inserted in both weft and warp directions [86]. They 

believed that the EMSE of the woven fabrics is influenced by different properties, including 

fabric structure, yarn density, number of layers, and the amount of conductive material although 

the influences of these parameters on EMSE were not clearly explained. 

Also, the effects of material type, yarn count, yarn density and the number of fabric layers were 

studied on EMSE by Das et al. [87]. They stated that the influence of the conductive yarn density 

(metal yarns) was negligible on the EMSE of the woven fabrics. They also observed that 

increasing the yarn count as well as increasing the number of fabric layers led to higher EMSE 

values. They also suggested that the EMSE values of the woven fabrics made of brass and copper 

were comparable.  

Furthermore,  a number of woven fabrics were manufactured for EMSE applications by Ozdemir 

et al. [88]. They inserted the conductive yarns at certain intervals in order to obtain different yarn 

density in the woven fabric structures. The applied conductive yarns consisted of polyester and 

stainless steel as core yarns with cotton fibre as a sheath and the EMSE of the woven samples 
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was increased by increasing the conductive weft yarn density while the weft yarns were vertical 

to the antenna polarization. 

In another study, the EMSE of various two-ply conductive woven fabrics composed of cotton and 

copper yarns was evaluated by Perumalraj and Dasaradan [89]. They believed in an enlargement 

of the EMSE values with an increase in warp density, weft density and cover factor due to the 

higher number of copper threads occupied per unit area. They also suggested that using twill 

weave structure led to a higher EMSE due to the float length and less porosity.  In addition, they 

declared that an increase in the copper wire diameter led to decrease in EMSE as a result of the 

openness of the fabric caused by the high bending force of the copper threads.  

As already indicated, many studies have been completed on the subject of the effects of simple 

woven fabrics characteristics on the EMSE behavior. On the other hand, there are only a limited 

number of studies about complex woven fabrics with conductive yarns for EMSE applications. 

For instance, the EMSE of five different compound woven fabrics (orthogonal, angle interlock, 

cell-type spacer, multi-tubular spacer, and contour) using copper-wrapped hybrid yarn was 

compared in X-band frequency range by Pandey et al. [90]. Images of the produced 3D fabrics 

are represented in Figure 1-9.  

They suggested that the poor EMSE results were observed for the fabrics made of 100% cotton 

yarns as cotton yarns are nonconductive materials. In addition, they stated that tubular contour 

fabric showed the best EMSE behavior in the vertical plane when orthogonal fabric had the best 

waves absorption in the horizontal plane. Also, they declared that the produced fabric with an 

angle-interlock structure had the minimum EMSE values. However, the relationship between the 

structural characteristics of the 3D woven fabrics and the EMSE values was not clearly explained.  

 

Figure 1-9- Images of the manufactured 3D fabrics (a) Orthogonal, (b) Angle interlock, (c) 

Cellular spacer, (d) Multi-tubular spacer,  (e) Tubular contour [90] 
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It should be also taken into consideration that several analytical models for EMSE estimation of 

woven fabrics have been proposed by a number of studies [91],[92].  

For example, Liang et al. proposed a mathematical model to calculate the EMSE of the metal 

fiber blended woven fabrics where the model was developed based on the aforesaid shielding 

equations (equation(1) to equation(8)) [92]. The proposed conductive grid structures composed of 

two parallel metal yarn systems and the influences of yarn diameter, yarn spacing and weaving 

angle on the EMSE enhancement were investigated although the simplification assumptions made 

the proposed model far from real yarn alignment in the woven fabrics.  

 Electromagnetic shielding textiles using intrinsic conductive polymers  

Intrinsically conductive polymers (ICPs) such as polyaniline (PANI) and polypyrrole (Ppy) 

conduct electricity due to their π-conjugated chain structures [93]. The ICPs are generally not 

thermoplastic polymers and also, they have weak mechanical properties which make them 

unlikely to be applied in the traditional textile process. Therefore, coating or polymerizing the 

conducting solutions of ICPs on the surface of textiles is a practical method to generate 

conductivity in textiles using ICPs [2], [18], [25], [46], [94]–[96]. 

For example, Jagatheesan et al. reviewed the EMSE properties of electrical conductive 

composites containing ICPs and stated that the main limitations of ICPs for electrical 

conductivity enhancement of the composites and fabrics are the rigid characteristics caused by 

chemical conformation of benzene rings, poor long term stability and lack of processing methods 

[2]. 

In another study, polypyrrole (Ppy) was coated on the surface of polyethylene terephthalate 

(PET) woven fabric to achieve the electrical conductivity for electromagnetic shielding 

development by Kim et al. [94]. They suggested that both Ppy content and the electrical 

conductivity of the composite were increased with increasing the number of the chemical 

polymerization. Also, they suggested that the EMSE value was increased from 13 to 36 dB due to 

the increase in the electrical conductivity of the fabric. 

Furthermore, the electrical and morphological properties of polyaniline (PANI)-coated ultra-high-

molecular-weight polyethylene yarns were investigated by Devaux et al. [95]. Also, Niu 

suggested that the EMSE of the PANI nanofibers coatings was in the range of 38–63 dB at the 

frequency range of 100 kHz -10 GHz. However, the content of applied PANI was relatively high 

(35%) [96]. 
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To conclude, the high percolation threshold, as well as lower aspect ratios of ICPs compared to 

metals and carbon nanofillers, remained a challenging issue applying ICPs in a composite for 

electrical conductivity enhancement intended for EMSE applications [18], [25]. Moreover, the 

difficult processability as well as low-temperature stability, swelling, cracking, or softening of 

these polymers which have effects on the mechanical and electrical properties are the key 

complications of using ICPs for shielding applications.  

 Electromagnetic shielding textiles using conductive polymer composites  

 Conductive polymer composites  

Conductive polymer composites (CPCs) are made of non-conductive polymer matrices with 

conductive fillers [97]. The utilized fillers can be zero-dimensional (e.g. fullerene), one-

dimensional (e.g. carbon nanotube) or two-dimensional (e.g. graphene) as shown in 

Figure 1-10(a, b, and c).  

 

Figure 1-10- Schematic of (a) Zero-dimensional, (b) One-dimensional, and (c) Two-dimensional 

fillers in the polymer matrix [97] 

 Melt mixing method  

Melt mixing method is one of the valued techniques for the fabrication of conductive filler-based 

composites since thermoplastic polymers soften when heating temperature exceeding their 

melting point. Additionally, this method is an appropriate technique for polymers that cannot be 

processed with solution techniques as a result of the insolubility of those polymers in solvents as 

well as time and cost efficiency of the melt mixing method [98], [99]. Thus, melt mixing method 

has been considered by many studies to develop CPCs for countless functions [99]–[105].   

Moreover, the percolation threshold shows a critical amount of conductive filler which is required 

to build up a continuous conductive network throughout a polymer to alter an isolating polymer 
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into a conductive polymer composite. In fact, the lowest amount of filler when an insulating is 

transformed into conductive material is known as the percolation threshold [53], [106], [107].   

Theoretical percolation threshold can be defined using equation (9) which is so-called as power-

law function where o is scaling factor, c is the percolation threshold,  is the conductivity of the 

conductive composite and  is the nanofiller content. The percolation threshold is generally 

determined by plotting the electrical conductivity of the composite when the graphical results of 

equation (9) allow to find the percolation point that the conductivity begins to level out [107]–

[109]. 

= σo(ρ − ρC)t, for c         (9) 

The electrical conductivity of CPC as a function of filler volume fraction is shown in Figure 1-11. 

As can be seen, the conductivity of the CPC increases exponentially after the percolation 

threshold with increasing the amount of filler to the point that the saturation of the electrical 

conductivity occurs.  

It should be taken into consideration that the percolation threshold of CPCs is influenced by 

different parameters including process method, polymer matrix and nanofillers properties [109]. 

Therefore, in the following, a number of studies have been reviewed on the subject of CPCs 

development with different nanofillers using the melt mixing method.  

 
 

Figure 1-11- The classic graph of electrical conductivity of conductive polymer composites as a 

function of the nanofiller volume fraction [97] 

For example, dispersion of nanofibers in different polymer matrices by melt processing was 

studied by Andrews et al. [100]. They suggested that the dispersion of low concentrations of 

MWCNT in polypropylene, polystyrene, and high impact polystyrene resulted in a reduction in 
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the electrical surface resistivity of the produced composites. However, the reduction rate with 

increasing nanofiller concentration altered by changing the host polymer. They also suggested 

that an increase in Young’s modulus and a decrease in tensile strength by the addition of 

MWCNTs into the polymer matrices for all the produced composites.  

Furthermore, Chanklin investigated the electrical properties of the composites produced by 

addition of carbon nanofillers in several polymers in his dissertation [101]. He used polyamide 6 

(PA6) as a thermoplastic polymer matrix while carbon nanotube (CNT) or carbon black (CB) was 

added to the polymer matrix.  

He studied the electrical and mechanical properties of PA6-based composites with CNT and CB. 

He published the electrical resistance of the produced composites as presented in Figure 1-12. He 

also perceived a low electrical percolation threshold for CNT-PA6 composite (3.0 wt.% of CNT). 

He suggested that the reason was correlated to the high aspect ratio and high surface area as well 

as the uniform dispersion of CNT particles in the polymer matrix which led to the formation of 

conducting network as it was also reported by other studies [102].  

Moreover, the tensile and electrical properties of carbon-filled polyamide (PA6,6) conductive 

composites were studied by Clingerman et al. [103]. They investigated the influences of carbon 

black and carbon fiber concentration on the electrical and mechanical properties of the PA6,6-

based composites plates. They applied relatively high CB content to achieve a reasonable 

electrical conductivity for the developed composite plate (40 wt.% of CB). 

 

Figure 1-12- Electrical resistivity of CNT/PA6(nylon) and CB/PA6(nylon) composites [101] 
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Also, the percolation threshold of electrical conductivity as a function of alignment of single-wall 

carbon nanotubes (SWCNTs), varied in a controlled manner from isotropic to highly aligned 

SWCNTs was investigated by Du et al. [104]. They applied extensional forces to attain different 

degrees of nanofiller alignment in poly (methyl methacrylate) (PMMA) matrix and stated that the 

electrical conductivity followed by the SWCNTs alignment as well as SWCNTs concentration. In 

other words, the lowest percolation threshold observed when the distribution of SWCNTs 

orientations was slightly anisotropic at a fixed SWCNT concentration and aspect ratio. Moreover, 

the percolation threshold of the CNT-based composites using different methods, different 

polymers and CNT properties were reviewed by Spitalskya et al. [105].  

 Electrical conductivity and electromagnetic shielding effectiveness  

As specified earlier, electrically conductive materials produce and transport free charges which 

initiate the shielding characteristics. Therefore, it has been attempted to define an experimental 

relationship between electrical conductivity (or electrical resistivity) and electromagnetic 

shielding effectiveness of CPCs [26], [110]–[113].  

For instance, the electrical resistivity and the EMSE of MWCNT/PP composite plates developed 

by Al-Saleh and Sundararaj as a function of MWCNT content are shown in Figure 1-13 [26]. 

They suggested that the experimental relationship between the resistivity and the EMSE was in 

agreement with the theoretical relationship given in equations (3) and (4) [26].  

 

Figure 1-13- Electrical resistivity and EMSE of MWCNT/PP composites as a function of 

MWCNT content and the composite plate thickness (0.34, 1 and 2.8 mm)  [26] 
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Moreover, MWCNT loading within polypropylene random copolymer was prepared by melt 

recirculation equipped twin-screw extruder and both electrical conductivity and shielding 

effectiveness were characterized by Verma et al. [110]. They indicated that the electrical 

conductivity, as well as shielding effectiveness, was improved by increasing the quantity of 

carbon nanofiller. Also, they suggested that the conductivity was not changed meaningfully after 

percolation threshold despite the fact that the shielding kept on growing with increasing the 

nanofiller quantity. It should be taken into consideration that the presence of iron catalysts inside 

MWCNT internal cavity led to better EMSE performance as a result of the ferromagnetic 

properties of iron. Hence, they achieved high EMSE by adding iron particles to the MWCNT-

based composites due to the high electrical conductivity of iron.  

In another study, an equation between electrical conductivity and electromagnetic shielding 

effectiveness was defined by Han et al. [111]. They suggested that the EMSE increases when the 

electrical conductivity of material increases, based on EMSE theory using equation (10).  

EMSE = 20Log (1 +
1

2
 dZ0)         (10) 

where  showed the electrical conductivity, d was the sample thickness, and Z0 was the free 

space impedance (377 Ohm). They made a set of MWCNT/polyethylene (PE) and MWCNT/ 

polyphenylene sulfide (PPS) composites by melt mixing method when the quantity of MWCNT 

was in a range of 1-15 wt.% (1,3,5,10, and 15 wt.%). The EMSE of the developed composites 

was measured at two different frequencies (0.5 GHz and 1GHz) and the results were compared to 

the estimated values of EMSE. They declared that the shielding effectiveness (EMSE) results 

obtained from equation (10) were in good agreement with experimental results for both sets of the 

composites.  

 Synergism between conductive nanofillers  

It should be taken into consideration that although increasing quantity of the conductive 

nanofillers increases the electrical conductivity of the final nanocomposite, a high quantity of 

nanofiller causes difficulties in the manufacturing process (especially for filament form). Thus, 

the addition of nanofillers results in deviation during the composite making process as a result of 

high viscosity. In addition, the cost of produced CPC is increased using high amount of carbon 

nanofillers.  
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Mechanism of conducting network formation in polymer-based composites having conductive 

nanofillers with different geometries (MWCNT, CB, hybrid conductive nanofillers of MWCNT 

and CB) is represented in Figure 1-14. The nanofiller particles with an identified geometry (e.g. 

CB) linked the nanofiller particles with another geometry shape (e.g. MWCNT) as shown in 

Figure 1-14(c). 

 

Figure 1-14- Mechanism of conducting network development in a polymer-based conductive 

composite containing (a) MWCNT, ( b) CB, and (c) MWCNT and CB 

As a result, a percolation threshold of electrical conductivity is detected with a lower quantity of 

nanofillers in a ternary composite having hybrid nanofillers in its composition. As a matter of 

fact, a conductive network developed throughout the polymer matrix by increasing the quantity of 

MWCNTs or CBs. Alternatively, applying synergism between MWCNT and CB nanofillers leads 

to higher electrical conductivity owing to a wider network growth through the matrix.  

Therefore, it has been tried by a number of researchers to apply the synergy effects of carbon 

nanofillers to decline the complications of inclusion a high quantity of nanofillers to the polymer-

based [114]–[122]  
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For instance, MWCNT and CB were introduced as electroconductive nanofillers in 

polypropylene copolymer using melt mixing method and the behavior of the percolation 

threshold was investigated by Zhang et al. [114]. They stated that the lowest percolation 

threshold was observed while the weight ratio of the nanofillers was 1:1 (MWCNT: CB) between 

three ratios of 1:1, 1:4 and 4:1. In brief, they stated that the percolation threshold of hybrid 

nanofillers filled CPC was significantly lower than the percolation threshold of either CB or 

MWCNT filled CPCs.  

Furthermore, polybutylene terephthalate (PBT)-based composites with CB or CNT (SWCNT) 

were produced by melt compounding method with a nanofiller content of 1-15 wt.% by Dorigato 

et al. [115]. Besides, the composites containing hybrid nanofillers were produced with a total 

nanofiller amount of 4, 6, and 10 wt.% in order to investigate the synergism of CNT and CB. 

They stated that the PBT-based composite with a total nanofiller amount of 6 wt.% and a CNT: 

CB ratio of 2:1 showed the best electrical resistivity among all the produced composites.  

Also, the electrical conductivity of polystyrene composite filled with carbon fiber (CF) and 

carbon black (CB) was studied by Motaghi et al. [116]. They observed that the combination of 

fillers resulted in higher electrical conductivity compared to the composite having only CF.   

Similarly, the electrical conductivity of epoxy-based composite plates containing hybrid 

nanofillers of CNT and CB was studied by Peng Cheng et al. [123]. They suggested poor 

performance for electrical conductivity of the composite contained CB compared to the one 

contained CNT. They believed that the poor electrical conductivity was correlated to the spherical 

shape of CB as the spherical shape of CB provided lower aspect ratio compared to CNT and 

therefore, forming conducting networks in the polymer with CB was problematic.  

They also applied CB to the composites having CNT before and after percolation and witnessed 

that adding CB to the composite with CNT (after percolation threshold) slightly improved the 

electrical conductivity. They stated that addition of mixed nanofillers of CB and CNT triggered 

higher electrical conductivity while CB improved the ductility of the composites. 

Furthermore, the synergism of the other kinds of conductive nanofillers on CPCs characteristics 

such as electrical conductivity and shielding properties has been considered by several studies 

[124]–[127]. 

For example, a polypropylene (PP)-based composite having graphene nanosheets (GNSs) and 

carbon fibers (CFs) was made by melt mixing method and the synergism effects of the conductive 
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fillers were studied on the electrical and electromagnetic shielding properties of the composites 

by Li et al. [124]. They suggested that the CPC with the equal quantity of CF and GNS generated 

a wider continuous conductive network which led to the higher electrical conductivity among all 

the produced composites. They also stated that the EMSE of the composite was around 20 dB at 

the frequency range of 1.28–2.00 GHz. Even though the electrical conductivity and the EMSE of 

the developed CPC were in the acceptable range, the high quantity of conductive fillers (20 wt.%) 

along with the high thickness of the composite (five layers of 0.6 mm) was necessary to obtain 

the required shielding.   

Also, the synergism of polyaniline (PANI) and MWCNT in polymethyl methacrylate (PMMA) 

matrix was investigated by Makeiff and Huber [125]. They detected higher electrical conductivity 

due to the incorporating of a high quantity of MWCNT in the composite where hybrid nanofillers 

were applied. However, the electrical conductivity of the composite having 9 wt.% MWCNT was 

relatively great compared to all the other composites having different ratios of conductive fillers.  

Furthermore, synergism of ICPs and carbon nanofillers and its influences on electrical 

conductivity and shielding properties of composites has been investigated in several studies [53], 

[125], [135], [136], [126], [128]–[134]. It has been said that the presence of ICPs has negative 

effects on the effectiveness of carbon nanofillers [53], [125]. Also, a high quantity of carbon 

nanofillers and expensive techniques are needed to obtain a good level of EMSE applying 

synergism between ICPs and carbon nanofillers [137], [129]. However, it is believed that the 

productive synergetic effect of nanofillers can be witnessed if the presence of ICPs does not alter 

the dispersion of the carbon nanofillers in the polymer matrix [53]. It should be also taken into 

account that the above-mentioned conductive composites have been used for specific applications 

as a form of films or plates [138], [139]. 

To conclude, the achievement of the mentioned studies is attractive for the specific applications 

in industry or military while the final cost and customization are not of great importance and 

fabric manufacturing for general protection has not been seeking out of that.  

  A mathematical model for percolation threshold of composites with hybrid nanofillers  

Calculation of the percolation threshold of hybrid nanofillers has been directed in consequence of 

the productive effects of synergy between conductive nanofillers. Hence, a mathematical model 

was proposed to estimate the percolation threshold of hybrid carbon nanofillers in polymer 

composites (CPCs) by Sun et al. [140]. They proposed a model based on the fact that two carbon 
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nanofillers make co-supporting conductive networks by extending the excluded volume theory. 

The excluded volume theory was primarily proposed by Balberg et al. [141], [142]. The volume 

around the object when the center point of an identical object is banned if the two are not to 

overlap is known as excluded volume. 

According to the proposed model, percolation ensued when all the small volumes were occupied 

with MWCNTs or CBs or mixed of MWCNTs and CBs as given in Figure 1-15(a, b, c, d).  

 

Figure 1-15- Schematic of the excluded volume theory for single nanofiller system (a) MWCNT 

and (b) CB, (c) hybrid nanofiller system (MWCNT and CB) in the real state and (d) hybrid 

nanofiller system (MWCNT and CB) in the extreme state [140]. 

A formula (equation (11)) was obtained for the systems containing two types of conductive 

nanofillers (A and B) where mA is the weight fractions of nanofiller A and mB is the weight 

fraction of nanofiller B in the composition. C,A (or C,B) is the corresponding percolation 

concentration when A (or B) is the only type of nanofiller applied in the composite. It means that 

the composite is at percolation threshold state when the value of equation (11) is equal to 1. 

mA

C,A

 +
 mB

𝐂,𝐁

 =  1          (11) 

Moreover, they produced polymer composites by melt mixing method using polypropylene (PP) 

and polyoxymethylene (POM) as matrices and CB and MWCNT as nanofillers. The MWCNT 
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quantity was fixed at 1 wt.% for PP-based composite and 0.5 wt.% for POM-based composite for 

mixed nanofiller systems (hybrid composites).  

In addition, they applied the proposed model to calculate the quantity of nanofillers at percolation 

threshold in the extreme state using hybrid nanofillers in the composites although the real 

situation of hybrid nanofillers (MWCNT and CB) was not exactly similar to the model. Finally, 

the results of the mathematic model and experiment results were compared and they declared that 

the developed model was in agreement with the experimental results.  

Therefore, the proposed model can be applied to approximate the percolation threshold of 

composites with mixed nanofillers in order to estimate the electrical properties of polymer-based 

composites. 

 Application of conductive composites for electromagnetic shielding textiles 

Smart textiles (e-textiles) have been developed with new technologies that provide specific added 

values to the final products. In recent decades, the development of smart textiles has been 

growing intending to apply in the industry (e.g. sensors for force and pressure, heating 

applications, or electromagnetic shielding applications) [143].  

The engineering of innovative materials that are capable to respond to external or internal stimuli 

is the main objective of smart textile growth. For instance, electrically conductive polymer 

composites (CPCs) which contain conductive fillers dispersed in a polymer matrix have attracted 

attention in numerous study fields like electromagnetic shielding applications [144], [145]. 

Moreover, as indicated previously, a lot of EMSE products are made of metallic yarns with high 

electrical conductivity like copper, silver, nickel and stainless steel [146]. However, poor 

washability and uncomfortability (e.g. high weight and skin allergy) can be mentioned as the 

main drawbacks of these products [64], [147]–[149].  

As a result, electrically conductive polymer composites (CPCs) have been suggested to be 

applied for electrical conductivity enhancement with the aim of using for EMSE purposes in 

order to avoid the drawbacks of previous electrical conductive textiles. Textile-based composites 

have been highlighted to be replaced with EMSE traditional metal-based textiles thanks to the 

light weight, flexibility, thermal expansion matching, and low-cost production process of 

polymer-based composites.  
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The CPCs development by different studies is presented in the following in order to have a 

comprehensive understanding of the advantages and disadvantages of using CPCs in textile 

industry.  

CPCs have been used as coating on textile surfaces to enhance electrical conductivity as applying 

conductive coating on textiles is a common way to enhance the electrical conductivity of textiles 

[150]–[153].  

For example, a nonwoven nanofiber mat made of nylon 6 (PA6) was produced using the force 

spinning technology while carbon nanotube particles (CNTs) were bonded by covalent bonds to 

the surface of the PA6 mat by Weng et al. [150]. They suggested that the nylon mat coated with a 

larger content of CNT (10 wt.%) showed higher electromagnetic attenuation compared to the mat 

with 6 wt.% CNT and the mat without CNT.  

In another study, a thin layer was coated on the surface of a set of nonwoven and knitted fabrics 

by Bonaldi et al. when a knife carried the coating paste on the fabrics for a specified thickness of 

the coated layer [151]. They suggested that MWCNT was the most influential synergistic 

material when the synergy between MWCNT and metals led to higher electrical conductivity and 

accordingly to the higher EMSE values.  

As a final point, although coating is an economical technique to increase the electrical 

conductivity of textiles, coating wears away after a short period of use. 

In recent years, inclusion of conductive nanofillers to the polymer matrix has been developed to 

enhance the electrical conductivity of textiles [2], [154]–[161]. Several structures of CPCs such 

as single-phase CPCs, segregated structures, double percolation structures, layer-by-layer 

assembly, multilayer structures, and foam structures have been developed in order to improve the 

electrical conductivity or shielding properties of the non-conductive polymers [162]–[169]. 

For example, single-phase CPCs consist of conductive fillers (one or more types of conductive 

fillers) dispersed in a single polymer matrix [162]. Thus, the conductive fillers should be well-

dispersed in the matrix substrate so as to obtain the required electrical conductivity and 

electromagnetic shielding characteristics.   

On the other hand, the segregated structure and double percolation structure are two main 

approaches with the selective localization potential for the conductive fillers. 

In a segregated structure, the conducting filler is found at the polymer interfaces and formed a 

conductive network mostly by applying secondary filler in a segregated structure. In a double 
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percolation method, the conductive fillers are selectively sited in one of the two immiscible 

polymer blends to form a percolated conductive network in one of the blended polymers. Double 

percolation method is commonly used for CPC generating with a low percolation threshold 

although the weak adhesive interaction between two polymers is the main drawback of this 

technique which limits the mechanical properties of the developed CPCs [163].   

In the following, a number of previous studies exclusively on single-phase CPCs were reviewed 

due to the fact that the focus of the present thesis was on single-phase CPC development for 

fabric manufacturing which would be discussed in the next chapters.  

Jagatheesan et al. reviewed the theory of electromagnetic shielding together with the electrical 

conductivity of fabrics and composites [2]. For example, they stated that applying 5 wt.% of 

mixed Ag and MWCNT in polystyrene-based composite resulted in the shielding effectiveness of 

22 dB in the frequency range of 12.4-18 GHz. They suggested that the higher amount of 

nanofillers led to the higher electrical conductivity on one hand and increased the viscosity of the 

developed CPC on the other hand.  

Jiang et al. reviewed the electromagnetic shielding characteristics of the conductive polymers and 

nanocomposites including CPCs [18]. They investigated the electrical conductivity and EMSE 

characteristics of a number of CPCs developed by several studies using various polymer matrices 

and conductive nanofillers. They observed that the electrical conductivity and shielding 

properties of the CPCs were influenced by nanofiller types and loadings, nanofillers synergism, 

polymer matrices and thickness of the composite films. They stated that the composites with 

carbon nanofillers are lightweight, economical, easy processable composites with reasonable 

mechanical properties that make them suitable for EMSE applications in textile industry.  

Moreover, mass production of carbon nanotube (CNT) reinforced polymethyl methacrylate 

(PMMA) nonwoven nanofiber mats were developed by Weng et al. [170]. They declared that the 

electrical properties enhanced in comparison with PMMA nanofibers. Also, they stated that the 

developed conductive composite showed reasonable electromagnetic shielding effectiveness 

where the higher content of CNT led to higher EMSE. Also, they indicated that the embedding of 

aligned CNTs into the one-dimensional polymer nanofiber matrix resulted in mechanical 

improvements (better tensile strength). The only drawback of the above-mentioned study was that 

they examined the EMSE in a low-frequency range (0-1200 MHz) while they applied a very high 

concentration of CNTs to get a reasonable level of EMSE.  
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Furthermore, monofilament manufacturing of conductive composites for textile applications has 

been deliberated by a few numbers of studies [171]–[173]. For instance, monofilament producing 

PLA/CNT for sensor applications was investigated by Ferreira et al. [171]. It is also noted that 

the polymer properties together with the volume fraction of nanofillers play a major role in the 

filament manufacturing process. 

 Conductive polymer composites as printing materials 

3D printing technology is the technology applied for the rapid production of 3D objects directly 

from digital computer-aided design (CAD) files [174], [175]. Fused deposition modeling (FDM) 

is the most inexpensive and common 3D printing method where a thermoplastic monofilament is 

pushed through a heated extrusion nozzle in this method to be printed on the 3D printer plate 

[175]. 

In recent years, 3D printing on textile fabric surfaces has been investigated by a number of 

studies in order to add desired properties to fabrics for different applications [176]–[180]. For 

example, 3D printing of several polymers on a group of textile materials was investigated by Pei 

et al. [179]. They suggested that the printed PLA (polylactic acid) showed the best adhesion, 

followed by nylon and ABS (acrylonitrile butadiene styrene) when the polymer filament was 

printed on the various types of fabrics. In another study, the morphological and electrical 

characterization of PLA-based composite before and after 3D printing was studied by Sanatgar et 

al. [180].  

Therefore, 3D printing of the CPC monofilaments on the surface of fabrics remains reasonable 

for electrical conductivity enhancement of the non-conductive fabrics for different applications. 

In point of fact, it seems interesting to consider the 3D printing of conductive monofilaments on 

textile fabric surfaces for EMSE applications since this method is clean, easy to use, inexpensive, 

accessible, and no supporting material is required.  

1.3 Complications and solutions of garment design  

The ultimate goal of the present thesis was to virtually design a protective garment for pregnant 

women. Therefore, the complications and possibilities of the garment design especially for 

maternity length are discussed in this section.   
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Two-dimensional (2D) patterns have been used by apparel industries to manufacture fitted 

garments on three-dimensional (3D) mannequins for decades when the process of design was 

usually time-consuming and ineffective [181]. 

In recent years, significant improvement in the garment design industry has been obtained thanks 

to 3D design softwares advancement to overcome the limitations of the traditional 2D design 

methods. In fact, the time of garment design, final cost, comfort and fit of the final garment can 

be optimized using 3D design softwares [182]–[188]. 

A global diagram of generating a garment with a virtual 3D model of adaptive morph types (as 

shown in Figure 1-16) was presented by Cichocka et al. [183]. This global diagram consists of 

three internal switching parts: the human body model, the model of ease and style of clothing 

when modeling of the human body can be achieved through the development of morphology data 

collection and analysis. In addition, the ease model allows validating the concept of comfort and 

correcting garment draping by controlling the ease while the virtual garment validates the 

dynamic aspect of the fitting of garments.  
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Figure 1-16- Global model of the garment making process [183] 

 Morphology analysis and garment design development  

Body morphology data is essential for fitted garment design adapted to the human body. 

Therefore, the body morphology data has been collected and analyzed by several studies [182]–

[188]. For instance, body morphology data was collected and applied to generate a virtual 

mannequin of the human body by Wang and Yuen [182]. They modeled the segments of torso, 

legs, and arms to make a 3D symmetric adaptive mannequin. They suggested that the developed 

mannequin was able to be adjusted according to the beauty and height of each subject.  
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Also, mathematical interpolation functions of input dimensions have been used to make 

parametric mannequins [189]–[193]. In one study, a skeleton model of a body was made based on 

extracted anatomical feature points (shown in Figure 1-17) by Li and Wang [189]. They 

generated wireframe of each part of the body (head, torso, arms, and legs), and combined these 

parts. They finally projected a model of human body with a sweep surface with a controllable 

wireframe structure of the body.   

 Figure 1-17- Anatomical feature points proposed by Li and Wang [189] 

In another study, a framework for making feature-based human bodies in relation to the 

measurement dimensions was suggested by Wang although the input of the human structure was 

example-based and it was limited to the sizing dimensions [190].  

Furthermore, the body morphology of disabled people has been investigated by several studies in 

order to provide the possibility of designing a fashioned and comfortable garment for this group 

of people [194]–[196]. 
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Actual body morphology has been practically applied in garment design owing to the possibility 

of collecting and analyzing the detailed morphology of human body as specified  [194]–[199]. 

In one study, the advantage of using advanced virtual tools and methods for the garment pattern 

design adapted to the 3D body model of people with scoliosis was discussed by Jepanovic et al. 

[196]. They stated that the designed garment for people with scoliosis showed a better appearance 

of the seams on the back and a good fit in the area of shoulder blades. 

In another study, a web application was introduced that facilitated garment design, pattern 

derivation, and sizing using a new set of variables regarding stature, crotch and leg length of body 

measurements by Cordier et al. [197]. They developed a database using the measurements to 

apply in shopping via the internet and declared that the garments were fitted on the deformed 

body for tight, loose and freely float clothes around the body according to the measurements.  

 Garment design for pregnancy length 

The physical appearance of a woman’s body considerably changes during nine months of 

maternity period. Therefore, pregnancy mannequins have commercially been manufactured by 

several companies. These mannequins are practical in the pregnancy garment design industry 

although they are unable to show the actual body evolution of pregnant women, as well as these 

mannequins, are not applicable to every single pregnant woman. The reason is correlated to the 

fact that the available pregnancy mannequins are manufactured based on standard sizes. It should 

be also noted that the choice of changing the height or abdomen lines of pregnancy mannequins is 

reflected in some manufactured pregnancy mannequin products although these choices are 

limited. Thus, it is hardly possible to find a connection between the actual morphology of 

pregnant women and the available commercial mannequins in stock.  

Consequently, characterization of body changes during pregnancy has been investigated by 

several studies concerning the fact that a woman's body undergoes apparent changes during 

pregnancy [200]–[206].  

For example, the lower body shape of late pregnant women was studied by Wu et al. [203]. They 

classified the morphology data of a group of pregnant women with different body changes and 

suggested the collected data for applying in the garment pattern design for maternity.  

Moreover, a new clothing design was suggested for pregnant women by Georgeta et al. [204]. 

They introduced several garment patterns in accordance with physical comfort for a pregnant 

woman when they considered four types of changes including shape, dimensions, weight, and 
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body posture for garment pattern design. However, they have not investigated the body evolution 

during pregnancy period as they only focused on the last month of pregnancy. 

In addition, the key design aspects of pregnancy support garments were studied by Rodriguez et 

al. [205]. They believed that the pregnancy garments for the modern plus-size patterns have to be 

advanced as a result of growing obesity along with beauty standards.  

Furthermore, an adaptive garment model using actual data of a group of pregnant women was 

made by Sohn and Bye [206]. They virtually tailored a pattern on a pregnant body and suggested 

that the patterns changed with the body changes although not consistently. They showed fit of the 

final produced pattern for two different women (A and B) in the 8th month of pregnancy as 

represented in Figure 1-18. However, the sleeveless sheath designed dress was not correctly fitted 

in the abdomen to the hip area. 

 

(a) 

 

(b)  

Figure 1-18- Fit of the final produced pattern for (a) subject A and (b) subject B in month 8 of 

pregnancy [206] 
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1.4 Research strategy  

Electromagnetic shielding effectiveness definition and theory, as well as characteristics and 

measurements, were described in detail in this chapter. Also, the main techniques and materials 

for electrical conductivity enhancement in textiles for electromagnetic shielding applications 

reviewed in detail. 

As explained in this chapter, metal yarns and fibers are highly effective for electrical conductivity 

enhancement and electromagnetic shielding effectiveness improvement in textiles. However, poor 

washability, uncomfortability (e.g. high weight and skin allergy) and mechanical abrasion are the 

limitations of using metals in textiles. Also, intrinsic conductive polymers suffer from weak 

mechanical properties which make them incompatible to be applied in the traditional textile 

process.  

Thus, the research moved in the direction of thermoplastic polymer-based nanocomposite 

development for electromagnetic shielding effectiveness application. It was found that polymer-

based nanocomposite seemed to be an effective and reliable substance for electrical conductivity 

development intended for electromagnetic shielding effectiveness expansion in textiles. A 

polymer-based nanocomposite was suggested to be replaced with metal-based electromagnetic 

shielding effectiveness textiles due to the light weight, flexibility, durability, and thermal 

expansion matching of the polymer-based nanocomposites. 

A research strategy is presented in order to accomplish the objective of the study: 

I. A set of 2D and 3D woven fabrics were manufactured using metals as electrical conductive 

yarns in order to investigate the effects of woven fabric characteristics on electromagnetic 

shielding effectiveness behavior. First, the effects of electrically conductive yarn density, two 

different metal materials, and 2D simple woven weave structures were investigated on 

electromagnetic shielding effectiveness (measured in an anechoic chamber). Then, the effects of 

structural parameters of a set of 3D woven fabrics with metal-based yarns on electromagnetic 

shielding behavior were analyzed while the quantity of the electrically conductive material was 

increased through the thickness of the 3D woven structures.  The idea was to overcome the 

limits of the 2D manufactured fabrics for electromagnetic shielding purposes.  

II. A textile-based nanocomposite monofilament was suggested to be replaced with metal-based 

textiles for electromagnetic shielding effectiveness due to the properties of the polymer-based 

nanocomposites like light weight and well-established manufacturing processes. Therefore, A 
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set of CPC monofilaments was developed so as to boost the electrical conductivity of PA6,6-

based nanocomposites which is a popular polymer in textiles. Therefore, two different 

nanofillers including multiwall carbon nanotube (MWCNT) and carbon black (CB) in PA6,6 

matrix were used to develop the electrical conductive nanocomposites and the electrical and 

morphological properties of the developed nanocomposites was investigated.  

III. In the next step, the synergism between nanofillers was applied to increase the electrical 

conductivity and decline the complications caused by the inclusion of nanofillers in the melt 

mixing method. In addition, a high-structured carbon black (KB) was mixed with MWCNT 

added to the polymer matrix in order to study the effects of adding KB (high-surface-area 

nanofiller) on electrical properties.  

IV. Two candidate monofilaments were chosen regarding the electrical and morphological 

properties for woven fabric making intended for EMSE personal protection clothing. The 

mechanical properties of the candidates were also analyzed. Woven structures were designed 

applying the monofilaments candidates and cotton yarns and the EMSE was evaluated in a 

mode-stirred chamber were applied since the measurement completed in a mode-stirrer chamber 

seem to be more accurate as such apparatus allows evaluating the shielding effectiveness of 

fabrics in a realistic electromagnetic environment where the wave polarization cannot be 

controlled. It should be noted that the final application of the produced fabrics is for personal 

protective clothing in a living environment where the wave polarization cannot be controlled.  

V. The final goal of this thesis was to protect both mother and fetus against the existing radiation in 

human living environment. So, first, a parametric graphical method was utilized to develop a 3D 

virtual mannequin for the pregnancy period based on women's weight by analyzing body 

morphology evolution during pregnancy. After that, a customized protective garment block 

pattern was virtually designed which was well-fitted on the 3D virtual mannequin of the 

pregnant subject.  
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2  Chapter 2: The effects of structural parameters of woven fabrics 

with metal yarns on electromagnetic shielding behavior 

This chapter discusses the effects of structural parameters of a set of two-dimensional (2D) and 

three-dimensional (3D) woven fabrics using metal yarns as electrically conductive materials for 

electromagnetic shielding effectiveness (EMSE).  

Firstly, a set of 2D woven fabrics was weaved and the EMSE of the woven fabrics was measured 

and analyzed. Then, due to the fact that changing the properties of the 2D woven fabrics have not 

established a considerable growth in the level of EMSE, a set of 3D warp interlock woven fabrics 

with metal yarns was introduced for the EMSE applications in the frequency range of 1-6 GHz. It 

is also noted that there are more potentials in the design of 3D warp interlock woven fabric 

structures compared to 2D woven fabrics.  

2.1 Characterization  

 Waviness degree of the yarns  

Waviness degree or crimp is determined by the relation of the length of yarn in the fabric to the 

length of the fabric in the warp direction or weft direction [207], [208]. So, crimp percentage is 

measured by the ratio between the length of the fabric sample and the corresponding length of the 

straightened yarn when it is being removed from the fabric as represented in Figure 2-1. 

In this chapter, the crimp percentage of the yarns (waviness degree) was determined for all the 

woven samples in both warp direction(y) and weft direction(x) based on ASTM D3883-04 

standard [208]. 10 yarn samples, each 10 cm in length, were used for the measurement and the 

mean value of crimp percentage for each variant was calculated according to the standard.  
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Figure 2-1- Waviness degree (crimp) definition of the yarns in a woven fabric [207] 

Also, the amount of yarns in warp direction(y) and weft direction(x) per square meter can be 

calculated for woven fabrics using equation (12) and (13) while m shows the weight of the yarn 

(g), P is the symbol of yarn density (yarns/cm), Nm shows the metric number of the yarn and WD 

is the waviness degree of the yarn (%). The total quantity of the yarns in a woven fabric can be 

defined using equation (14).   

mwarp =
Pwarp

Nm(warp)
(WDwarp + 100) (g/m2)       (12) 

mweft =
Pweft

Nm(weft)
(WDweft + 100)  (g/m2)       (13) 

mT = mwarp + mweft (g/m2)         (14) 

 Fabric porosity  

The porosity of woven fabrics can be estimated using equation (15) where cover factor (CF) is a 

measure of the area of the fabric occupied by yarn systems (g/cm3) and fiber is the fiber density 

(g/cm3). Hence, the porosity of all the manufactured woven fabrics was estimated using equation 

(15). It should be taken into account that the total fiber density was determined using equation 

(16) since different materials were used for all the fabrics [207], [209], [210].  

Porosity = (1 −
CF

ρfiber
) × 100        (15) 

ρfiber  =
 quantity of fiber1 (%)×ρfiber1+ quantity of fiber2 (%)×ρfiber2

100
    (16) 
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 The electrical conductivity of fabrics  

The electrical properties of fabric samples can be measured using 4-wire ohms measurement 

(4w). The principle of this method is shown in Figure 2-2(a) [211]. The electrical resistance of 

the 2D woven fabrics was measured using Keithley SMU 2461 source meter by applying a given 

DC voltage and measuring the current passing through the sample. The voltage varied from -0.5 

to 5 V with an automatic increment of 0.5 V and the (I/V) curve was plotted for each fabric 

sample. The electrical resistance (R) was concluded as the inverse slope of the curve. The 

electrometer was connected with a Keithley resistance chamber given in Figure 2-2(b) where the 

fabric sample was located between the two electrodes in the resistance chamber.  

   

           (a)                                                                                    (b)  

Figure 2-2- (a) The schematic of the resistance measurement principle, (b) Keithley resistance 

chamber  

All fabric samples had to be prepared with a dimension of 10×10 cm2. Then, the resistance of the 

sample was measured, and  or the volume electrical conductivity (S/m) was calculated using 

equation (17) where R represents the measured electrical resistance (Ω) and t indicates the 

thickness of the fabric sample (m).  

 =
22.9

t
×

1

R
            (17) 

 Electromagnetic shielding effectiveness measurements using an anechoic chamber   

As explained in Chapter 1, there are several approaches to measure the EMSE of planar materials 

like woven fabrics. For example, an anechoic chamber has been employed to measure the EMSE 

of the fabrics by numerous related studies [30], [32], [34], [35], [41], [212], [213].  
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In this chapter, a measurement setup was set in an anechoic chamber to measure the EMSE of the 

woven fabrics. A schematic of the measurement setup in an anechoic chamber is represented in 

Figure 2-3. In this setup, two horn antennas were used as emitting and receiving antennas. The 

receiving antenna was surrounded by absorbent pyramids with the purpose of determining 

accurate EMSE of the fabric samples.  

The EMSE measurement of the woven fabrics was carried out at the frequency range of 1-6 GHz 

(intermittently every 100 MHz) for the woven fabric samples (2D and 3D) while the dimension of 

each specimen was 16×16 cm2. It is noted that the measurements were completed at the 

frequency range of 1-6 GHz where this frequency range is in accordance with the utilized 

frequencies for commonly use electronic devices such as handsets [214].  

 

Figure 2-3- Schematic demonstration of the proposed setup for EMSE measurement in an 

anechoic chamber [215] 

A reference test was performed without any fabric samples to consider the losses in the cables, 

the antennas, and free space. It should be noted that this measure was recorded before running the 

experiments and the measured value was considered the reference value for all the woven fabrics 

(S21reference). 

After that, the measurement was accomplished when the fabric specimen was located in the 

required place in the measurement setup (S21with sample). The transmission measurement had to be 

normalized for all the woven fabrics using the reference value using equation (18) where S21 is a 
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measure of the electric field (E), which transfers from port 1 to port 2, by a vector network 

analyzer.  

EMSE(dB) =  S21 with sample(dB) − S21 reference (dB)     (18) 

2.2 Two-dimensional (2D) woven fabrics for electromagnetic shielding effectiveness  

As discussed in Chapter 1, the properties of woven fabrics have diverse effects on the 

electromagnetic shielding behavior of woven fabrics. In the following section, a set of 2D woven 

fabrics was manufactured and the effects of the fabric properties were investigated on the EMSE 

behavior. 

 Materials for 2D woven fabrics  

 Polyamide 12 (PA12) staple yarn coated with silver (Nm 40/2), (17% silver, 83% polyamide 

12) supplied by Queen in China, (with a conductivity of 62.1×106 S/m) for weft. 

 Inox staple yarn (Nm 5/2) supplied by Tibtech in France, (with a conductivity of 1.32×106 

S/m) for weft. 

 Wool/Polyethylene terephthalate (PET) staple yarn (Nm 20/2) with the ratio of (40%Wool: 

60% PET) for warp.  

 Conception and weaving of 2D woven fabrics  

Three simple weave structures (plain, 2/2 Z-twill, and 4 end irregular satin) were used for 2D 

woven fabrics making in this chapter. The schematics of the three weave structures are shown in 

Figure 2-4.  

 

Figure 2-4- The weave structures used for 2D woven fabrics making, (a) Plain, (b) 2/2 Z-twill and 

(c) 4 end irregular satin 

For the first set of the 2D woven fabrics, wool/PET staple yarns were inserted in warp direction 

and polyamide 12 staple yarns coated with silver (PA12 coated with silver) were inserted in weft 

direction. On the other hand, Inox staple yarns were inserted in weft direction for the second set 

Weft  

Warp   
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of the 2D woven fabrics keeping the same warp yarns material and threading. The objective was 

to apply two different electrical conductive yarns in two different sets of proposed woven fabrics. 

Also, two weft yarn densities 8 (yarns/cm) and 16 (yarns/cm) were used for the electrically 

conductive weft yarns (PA12 coated with silver) in the first set of the 2D woven fabrics while the 

conductive weft density was only 8 (yarns/cm) for the second set of the 2D woven fabrics. The 

structural characteristics of all the 2D woven fabrics (S1-S7) are listed in Table 2-1. It should be 

noted that all the woven samples were weaved using ARM AG CH-3507 Biglen weaving loom 

manufactured in Switzerland.  

Table 2-1- Structural characteristics of 2D woven fabrics 

No. Characteristics 

Variant 

S1 S2 S3 S4 S5 S6 S7 

1.  Weave structure  Plain  Plain Twill Twill Plain Twill Satin 

2. Raw material warp Wool-PET  

weft PA 12 coated with silver Inox 

3. Yarn fineness  

(Nm) 

warp  20/2 20/2 

weft  40/2 5/2 

4. Yarn density 

 (yarns/cm) 

warp 18 18 18 18 18 18 18 

weft 16 8 16 8 8 8 8 

5. Crimp percentage  

or waviness degree (%) 

warp 3.3 2.3 3.2 2.2 4.2 3.9 3.6 

weft 2.7 2 1.3 1.2 3.6 3.1 1.5 

Furthermore, graphical representation of the 2D woven fabrics with three different weave 

structures containing electrical conductive yarns (PA12 coated with silver or Inox) in weft 

direction sketched by Wisetex software (virtual textile software) are shown in Figure 2-5.  

 
Figure 2-5- Graphical representation of the 2D woven fabrics, (a) Plain weave structure, (b) 2/2 

Z-Twill weave structure, (c) 4 end irregular Satin weave structure (sketched by Wisetex software) 
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Also, the float of the conductive wefts for three weave structures is indicated in Figure 2-5. The 

float of the yarn (e.g. wefts) is the length of the yarn between two consecutive intersections with 

the yarns at right angles to it (e.g. warps). The float of the wefts is increased from plain weave 

structure to 2/2 Z-twill weave structure, followed by 4 end irregular satin weave structure.  

Moreover, areal density, width, thickness, and volume density of all the manufactured 2D woven 

fabrics are listed in Table 2-2. Also, the porosity and the volume electrical conductivity of all the 

2D woven fabrics which were determined using the explained methods in section 2.1.3 are 

represented in Table 2-2.  

Table 2-2- Areal density, width, thickness, fabric density, porosity and the volume electrical 

conductivity of the manufactured 2D woven fabrics 

No. Property Unit 

Variant 

S1 S2 S3 S4 S5 S6 S7 

1. Areal density g/m2 137 127 152 128 202 208 217 

2. Fabric width cm 25 25 25 25 25 25 25 

3. Fabric thickness mm 0.46 0.58 0.54 0.68 0.7 0.80 0.95 

4. Fabric density g/cm3 0.298 0.220 0.281 0.188 0.341 0.323 0.256 

5. Fabric porosity  % 83 86 84 88 94 95 96 

6. Electrical conductivity  S/m 250 180 428 290 120 146 121 

 Investigation of the electromagnetic shielding effectiveness of 2D woven fabrics 

The EMSE of all the manufactured woven fabrics using two different metal yarns (S1-S4) and 

(S5-S7) was measured in weft direction(x) at the frequency range of 1-6 GHz and represented in  

Figure 2-6.  

As explained earlier, directive horn antennas were applied as emitting and receiving antennas and 

the test was performed when the fabric width was parallel to the vertical antenna polarization. It 

means that the EMSE of the samples was measured in weft direction(x) since the conductive 

yarns were inserted in the weft direction of the woven fabrics during weaving.   

Moreover, the average curve of the EMSE values of each 2D woven fabric (S1-S7) is shown in 

Figure 2-7. Five consecutive EMSE values (intermittently every 100 MHz) at the frequency band 

of 1-6 GHz were used to calculate the mean value of the EMSE at every 500MHz. The average of 

EMSE values was calculated and presented in order to address the results clearly by reducing the 

scattering of data where the EMSE at different frequencies for each woven sample could be 

distinguished.  
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Figure 2-6- The EMSE of the 2D woven fabrics (S1, S2, S3, S4, S5, S6, and S7) measured in 

weft direction(x) 

 

Figure 2-7- The average curves of the EMSE for the 2D woven fabrics (S1-S7) measured in weft 

direction(x) 
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The main idea of producing a set of 2D woven fabrics using metallic yarns with different weave 

structures, metal types and density of the conductive yarns was to study the effects of these 

characteristics on the level of the EMSE.  

First of all, four different woven fabrics were produced using PA 12 coated with silver as the 

conductive material in weft direction of the woven fabrics (S1-S4). Two different simple woven 

structures were applied to manufacture the woven fabrics samples of S1-S4 while the density of 

the conductive yarns was 16 (yarns/cm) for S1 and S3 and it was 8 (yarns/cm) for S2 and S4. It 

should be noted that the warp yarns were non-conductive (wool/PET yarns) and the warp density 

was set at 18 (yarns/cm) for all the fabrics. The strategy was to investigate the effects of two 

weave structures (as given in Table 2-1) together with changing the yarn density on the EMSE 

behavior of the first set of 2D woven fabrics.  

As can be seen in Figure 2-7, the EMSE values of samples S1 and S3 were nearly the same (23-

39 dB for S1 and 21-35 dB for S3) while the density of the conductive yarns was equal for S1 and 

S3. However, the weave structure was different for S1 and S3. In the higher frequency (6 GHz), 

the difference between the EMSE values of S1 and S3 was bigger (39 dB vs 35 dB).  

Also, the EMSE of S2 and S4 was lower than the EMSE of S1 and S3 (5% lower EMSE for S2 

compared to that of S1 and 12% lower EMSE for S4 compared to the EMSE of S3) due to the 

lower density of the conductive yarns for S2 and S4 (8 yarns/cm) in comparison with S1 and S3 

(16 yarns/cm). It is attributed to the bigger number of the conductive yarns occupied per unit area 

applying larger yarn density of the conductive yarns. 

Secondly, another set of 2D woven fabrics with Inox yarns as wefts were produced with three 

different weave structures (S5, S6, and S7). The main purpose was to define the best weave 

structure among three suggested simple weave structures for electromagnetic waves attenuation 

while the yarn density and the conductive material was the same for S5, S6, and S7. 

The results showed that the EMSE level was approximately the same for S5, S6, and S7 despite 

the fact that the weave structures were dissimilar for these three woven fabrics as presented in 

Table 2-1. However, the EMSE values of S7 were a little lower (5%) than those of S5 and S6 

which can be correlated to the weave structure of S7. It should be mentioned that the weave 

structure of S7 was 4 end irregular satin (Figure 2-4(c)).    

The woven fabrics weaved with plain weave structure (S1 or S2 or S5) showed slightly higher 

EMSE values compared to the ones weaved with twill weave structure (S3 or S4 or S6) followed 
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by the one weaved with satin weave structure (S7). The reason was correlated to the effects of 

floats of the conductive yarns on the EMSE which was also previously declared by Liu and Wang 

[84]. In fact, the plain weave fabric showed better shielding than that of the twill weave fabric 

followed by the satin weave fabric while the yarn density and conductive material remained 

unchanged.  

Generally speaking, the interlace points between warps and wefts were the least for the woven 

fabric weaved with satin weave structure, and the floats were more so that the fabric was looser 

and the EMSE was lower. Moreover, the interlace points of the twill weave structure were fewer 

than that of the plain weave structure and more than that of the satin weave structure and 

consequently, the EMSE of the fabric weaved with twill weave structure was between the EMSE 

of the woven fabrics with plain and satin weave structures. 

On the other hand, the similarity of the EMSE results of the woven fabrics with plain or twill 

weave structures having the same quantity of the same conductive materials ((S1 and S3), (S2 

and S4) and (S5 and S6)) can be correlated to the diagonally arranged of the conductive yarns 

floats in the woven fabrics. It should be noted that this phenomenon has been previously 

acknowledged by Ozdemir et al. [85].  

Comparing the EMSE results of the manufactured 2D woven fabrics with two different 

conductive yarns (PA 12 coated with silver or Inox), higher EMSE values were revealed for the 

woven fabrics with PA 12 coated with silver yarns as wefts (S2 and S4) keeping the same weave 

structures (plain for S2 and S5 and twill for S4 and S6) as well as the same yarn density 8 

(yarns/cm).  

The EMSE of S2 was in the range of 21-38 dB while the EMSE was in the range of 17-23 dB for 

S5. Also, the EMSE of S4 was varied in the range of 20-28 dB by changing the frequency 

between 1 and 6 GHz while it was 18-23 dB for S6. The reason was associated with the higher 

electrical conductivity of silver in comparison with Inox where the electrical conductivity of 

silver is nearly fifty-fold as big as Inox (the conductivity of silver is 62.1×106 S/m and the 

conductivity of Inox is 1.32 ×106 S/m). However, the quantity of electrically conductive material 

was greater in S5 and S6 due to the bigger diameter of Inox yarns (yarn fineness: Nm 5/2) in 

comparison with PA 12 coated with silver yarns (yarn fineness: Nm 40/2).  

It should be also noted that no correlation was detected between the EMSE and the electrical 

conductivity of the 2D woven fabrics given in Table 2-2. For example, the EMSE of S3 and S1 



 

50 

 

were nearly the same while the electrical conductivity was relatively higher for S3 (428 S/m) in 

comparison with the electrical conductivity of S1 (250 S/m).   

However, the weaved woven fabrics with PA 12 coated silver yarns as conductive weft revealed 

both the higher volume electrical conductivity and the EMSE values (e.g. the electrical 

conductivity of S2 weaved with PA 12 coated with silver as weft yarns was 180 S/m and its 

EMSE was in the range of 21-38 dB while the electrical conductivity was 120 S/m and the EMSE 

was in the range of 17-23 dB for S5 having Inox as conductive wefts).  

2.3 Three-dimensional (3D) warp interlock woven fabrics for electromagnetic shielding 

effectiveness  

The effects of structural parameters on the EMSE properties of 2D woven fabrics were 

investigated in section 2.2. As explained, changing the metal yarns density, weave structures and 

conductivity of the yarns have slightly changed the EMSE of the manufactured 2D woven fabrics.   

In the following section, a set of five variants of 3D warp interlock woven fabrics containing 

silver multifilament yarns arranged in 3D orthogonal grids were produced. The ultimate goal was 

to examine the increase in the EMSE as a factor of increasing the quantity of the conductive 

material per unit area through the thickness of the compound woven fabrics when the yarn 

density and yarn fineness of the conductive yarns were fixed. The effects of structural parameters 

of 3D warp interlock woven fabrics on the EMSE was studied due to the fact that there were 

more possibilities in structures design and properties alterations of 3D woven fabrics compared to 

2D woven fabrics which have not been considered by previous studies in the field of shielding 

textiles.   

The amount of the conductive material per unit area in a woven fabric can be increased by two 

following methodologies while the unit cell size of the woven fabric kept constant: 

a. Increasing the yarn undulation, for both simple and compound woven fabrics  

b. Increasing the number of conductive yarn systems in compound woven fabrics 

Undulation of the yarns (Figure 2-8) in a woven fabric is changed by changing the weave 

structure. A weave structure with higher interlacing frequency can be employed to increase the 

undulation of the yarns in a simple 2D woven fabric (for instance, plain weave structure instead 

of satin weave structure). It should be taken into account that the higher interacting frequency 

between the yarns in a woven fabric results in lower floats of the yarns as discussed in the 

previous section. 
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On the other hand, the amplitude of undulation can be increased together with increasing the 

interlacing frequency of the yarns in a compound woven fabric. As a result, increasing the 

binding depth (BD) in a compound woven fabric leads to the larger amplitude of the yarns' 

undulation.  

Here, it was essential to explain the explanation of undulation; amplitude and frequency and 

binding depth in woven fabrics as these parameters were applied to change the quantity of 

conductive material in the proposed 3D warp interlock woven structures.  

Undulation characterizes as displacement of the yarn axis from its linear position caused by the 

incorporation of the yarn in the woven structure. The structural parameters of compound woven 

fabrics such as warp and weft yarn properties (raw material, fineness, and density), weave 

structure, weaving and finishing process can alter the displacement of the yarn axis. Yarn 

undulation is expressed by either amplitude or frequency while amplitude (h) denotes the distance 

between projections of two consecutive yarns centres of the same yarns system on a vertical plane 

as given in Figure 2-8. Also, the number of crossing wefts (or warps) by a warp (or a weft) in a 

regular repeated manner is indicated as undulation frequency. Yarn undulation degree or 

waviness degree which is also called crimp in practice is commonly shown in percentage. 

Moreover, binding depth (BD) is the number of weft layers crossed by a warp yarn in a weave 

repeat while the binding depth modification can alter the amplitude of the warp yarns in 3D warp 

interlocks woven fabrics.   

 

Figure 2-8- The yarn undulation in a woven fabric (h) [215] 

The compound woven structures were designed in order to integrate the conductive yarns so that 

they were not apparent on the fabric faces thanks to the 3D interlock woven structures. This 

parameter was of great importance since the final application of the manufactured woven fabrics 

was for wearable EMSE devices. Also, the continuity of the conductive network at all the binding 

points was apprehended in the design of the structures.  

 Materials for 3D warp interlock woven fabrics  

 Silver multifilament yarn (Nm 9.26, 10×0.04mm) supplied by Elektrisola in Germany. This 

multifilament yarn is low electrical resistance and high corrosion resistance (with a 
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conductivity of 62.5 S/m², tensile strength 220 MPa, maximum elongation 40%) for both 

warp and weft.  

 Pure cotton staple yarn (Nm 20/2) for warp. 

 Pure cotton staple yarn (Nm 16/2) for weft. 

It should be taken into account that non-conductive yarns do not have any direct contribution to 

the EMSE behavior of fabrics. As a result, the non-conductive yarns were substituted with cotton 

yarns for 3D warp interlock woven fabrics. The reason was associated with the breathability and 

comfortability of the pure cotton yarns. However, any common textile yarn could be used as a 

non-conductive yarn in the manufactured woven structures.  

 Conception and weaving of 3D warp interlock woven fabrics 

Silver multifilament yarns were integrated as conductive warp and weft yarns in the structures of 

3D warp interlock woven fabrics. The silver multifilament yarns were strengthened by doubling 

with cotton yarns (Nm 20/2 cotton yarns in warp direction and Nm 16/2 cotton yarns in weft 

direction) to reinforce the silver multifilament yarns.  

In other words, the utilized silver multifilament yarn was fine (diameter: 0.12 mm) with a low 

friction resistance. So, the silver multifilament was reinforced with cotton yarns for warp and 

weft insertion in order to protect silver against the mechanical forces (e.g. mechanical abrasion) 

during weaving and use. Hence, the developed hybrid conductive yarns (cotton/silver) were 

applied in both warp direction(y) and weft direction(x) of the 3D woven interlock woven 

structures. 

Four 3D warp interlock woven fabrics structures were designed employing hybrid conductive 

yarns in both warp direction and weft direction. The conductive yarns integrated into the middle 

ply for the first four variants (V1, V2, V3, and V4) as specified in Table 2-3. These variants (V1-

V4) were designed with three weft yarn systems where the hybrid conductive yarns were engaged 

in between of the two other cotton weft yarn systems. Also, the density of the conductive weft 

yarns was 7 (yarns/cm) for all the four designed variants (V1-V4).  

Moreover, to have the same density of the conductive warps 11 (yarns/cm) for all the four 

variants (V1-V4), the distribution of warps in the Reed was finished by using 3 yarns/dent (1: 

cotton yarn, 1: conductive yarn, 1: cotton yarn). 

An additional variant (denoted by DL), was also designed with two weft yarn systems where 

hybrid conductive yarns were engaged in both weft systems. The other structural properties of the 
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variant DL e.g. yarn fineness, yarn density of each layer, warp systems number and the ratio 

between conductive and nonconductive yarns in warp direction were comparable to the other four 

variants (V1-V4). Structural characteristics of all the 3D warp interlock woven fabrics (V1-V4 

and DL) are shown in Table 2-3.  

Table 2-3- Structural characteristics of the 3D warp interlock woven fabrics [215] 

No. Characteristics 

Variant  

V1 V2 V3 V4 DL* 

1. Number of yarn systems warp 3 3 3 3 3 

weft 3 3 3 3 2 

2. Raw material warp Wp1: Cotton 

Wp2: Cotton + Silver 

Wp3: Cotton 

weft Wf1: Cotton 

Wf2: Cotton + Silver 

Wf3: Cotton 

Wf1: Cotton + Silver 

Wf2: Cotton + Silver 

3. Yarn fineness  

(m/g or Nm) 

Cotton warps Nm 20/2 

Cotton wefts Nm 16/2 

Silver Nm 9.26 

4. The ratio of yarn systems warp 1Wp1:1Wp2:1Wp3 

weft 1Wf1:1Wf2:1Wf3 1Wf1:1Wf2 

5. Yarn density (yarns/cm) Per layer warp 11 11 11 11 11 

weft 7 7 7 7 7 

total warp 33 33 33 33 33 

weft 21 21 21 21 14 

* DL is the abbreviation for double-layer. 

Also, graphic representations of longitudinal sections of the 3D warp interlock woven fabrics 

with hybrid yarns are demonstrated in Figure 2-9. It should be taken into account that the metal 

exposure to the air was avoided by binding the warps with three layers of the wefts in a way that 

the conductive warps were not apparent on the exterior faces of the designed woven fabrics in the 

structures of V1, V2, V3, and V4. The reason was to protect the metal yarns from oxidation as 

well as preventing metal touch with the skin of the wearer. As specified in Chapter 1, metals can 

largely cause skin allergic for the wearer although silver caused fewer issues of allergic, oxidation 

and corrosion in comparison with other metals. 

Least possible binding depth was suggested for the first variant (V1) as represented in 

Figure 2-9(a), followed by V2 (Figure 2-9(b)), V3, and V4 (Figure 2-9(c and d)). Accordingly, 



 

54 

 

the hybrid conductive yarns covered a larger depth of the thickness of the manufactured 3D warp 

interlock woven fabrics by increasing the binding depth (BD) from V1 to V4. It should be noted 

that the binding depth of V3 and V4 were identical at the maximum possible layers for the 

designed compound woven fabrics (BD=2 layers) as indicated in Figure 2-9(c and d). 

Similarly, the waviness degree of the silver multifilament warp yarns was enlarged through 

increasing the binding depth (BD) of the conductive warps in the designed fabrics which would 

be discussed further in this chapter. Hence, binding depth of the conductive warps was set at BD 

= 0 layer for V1, was enlarged to BD = 1 layer for V2 and BD = 2 layers for V3 and V4.  

Furthermore, additional woven fabric (DL) produced with two hybrid conductive yarns as 

symbolized in Figure 2-9(e) when the binding depth (BD=2 layers) was the same as two other 

manufactured variants (V3 and V4). Two separated conductive weft yarn systems were integrated 

into the structure of DL which caused the discontinuity in the conductive warps alignments 

through the thickness of the fabric (DL). It should be also noted that unit cell length and width 

(unit cell size) were the same for all the designed structures (V1, V2, V3, V4, and DL). 

Longitudinal cross-sections, weave structures and 3D renderings of the five compound woven 

variants (sketched by Wisetex software) are represented in Table 2-4 to reveal the position of the 

conductive yarns in the designed structures.  

 

Figure 2-9- Graphic representations of longitudinal sections of five 3D warp interlock woven 

fabrics containing silver multifilament yarns in both warp direction and weft direction (sketched 

by Wisetex software) [215] 
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Table 2-4- Longitudinal section, weave structure and 3D rendering for the designed 3D warp 

interlock woven fabrics with an embedded conductive network  [215] 

Var.  

Longitudinal section of the 

designed fabric containing 

conductive yarns* 

Weave structure 

(1 repeat) 
3D rendering of the designed fabric 

V1 

 

 

 

V2 

 

 

 

 

V3 

 

 

 

 

V4 
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DL 

 

 
 

*Legend:   Silver/cotton warp yarn;    Cotton warp yarn;   Silver/cotton weft yarn;   Cotton weft yarn 

In the next step, all the variants were weaved using ARM AG CH-3507 Biglen weaving loom. 

Straight threading on 12 shafts, Reed fineness of 10 dents/cm and 3 warp yarns/dent were 

deliberated as warp settings while the settings kept the same for weaving the variants (V1-V4 and 

DL). The face and back of all the compound woven variants are demonstrated in Figure 2-10. 

As the final application of the manufactured compound woven variants was for personal 

protective clothing against radiation, different weave structures were selected for the face layer of 

the compound woven structures. It has to be considered that changing the weave structure of the 

face layer could not change the shielding behavior of the compound woven fabrics since this ply 

was composed of pure cotton yarns which were non-conductive. However, changing the weave 

structure of the face layer can change the shielding characteristics of the compound woven fabrics 

by altering the quantity or arranging of the conductive yarns through the thickness of the 

compound woven fabrics.  

As can be seen in Figure 2-10, weave structures of the face and back ply of the compound woven 

fabrics were the same for V1 (4 ends irregular satin weave), V2 (1/3 twill weave), V3 (4 ends 

irregular satin weave), and DL (plain weave). On the other hand, the weave structures of the face 

and back ply were not matching for V4 (3/1 twill weave for the face ply and plain weave for the 

back ply).  
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b) The back of the manufactured compound woven fabrics 

Figure 2-10- The face and back of the 3D warp interlock woven fabrics (V1, V2, V3, V4, and 

DL) [215] 

Furthermore, the images of the weaving loom and one of the manufactured variants (DL) are 

shown in Figure 2-11(a and b). 

 
(a) 

 
(b) 

Figure 2-11- The images of (a) ARM weaving loom during weaving the variants and (b) The 

woven variant (DL) 

The measured fabric density, width, thickness, and porosity of all the manufactured 3D warp 

interlock woven fabrics are listed in Table 2-5. The dissimilarity in the thickness of different 

V1 - Back V2 - Back V3-Back V4-Back DL - Back 
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variants was due to the movement of the yarns through the thickness in the relaxed state of the 3D 

warp interlock woven fabrics. As a matter of fact, the yarns moved through the thickness of each 

variant to find the minimum state of energy.  

As can be understood from Table 2-5, the yarns remained in the preliminary position in V2 and 

V3 as the movement of the yarns was insignificant. Conversely, the lower fabric thicknesses were 

observed for V1 and V4 because the yarns relocated to find the position with the minimum state 

of the energy.  

The fabric thickness of DL was smaller in comparison with the thicknesses of the other weaved 

variants (V1-V4) for the reason that there were only two weft yarn systems in the structure of this 

particular variant (DL). 

Table 2-5-  Fabric density, width, thickness, and porosity of the variants (V1-V4 and DL) [215] 

No. Property Unit 

Variant 

V1 V2 V3 V4 DL 

1. Fabric density g/cm3 0.359 0.330 0.366 0.361 0.395 

2. Fabric width  cm 23 23 23 23 23 

3. Fabric thickness  mm 2.2 2.5 2.4 2.3 1.9 

4. Porosity  % 90 91 90 91 92 

It should be taken into consideration that determining the electrical conductivity of the 

manufactured 3D warp interlock woven fabrics seemed irrelevant because the hybrid conductive 

yarns were integrated into the middle of the woven structures and the outer layers were made of 

pure cotton yarns. 

Here, it was suggested in this thesis (Chapter 2 and Chapter 3) to correlate the EMSE of the 

woven fabrics with different structures and the properties of the conductive yarns (e.g. 

conductivity, quantity, etc.) which remained reasonable for all the manufactured woven fabrics. 

 Structural characteristics of the 3D conductive networks 

The four manufactured 3D warp interlock woven variants (V1, V2, V3, and V4) had three warp 

yarn systems and three weft yarn systems in their structures. Two exterior layers of the woven 

fabrics consist of cotton warp and weft yarn systems with different simple woven structures while 

the conductive grid was suggested in the middle of each variant. 

The effects of increasing the waviness degree of the conductive yarns were studied on the EMSE 

in the present thesis as the conductive yarns covered larger amplitude of the thickness of the 3D 
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warp interlock woven fabrics by increasing the waviness degree of the conductive warps. It 

should be noted that the waviness degree was increased while the unit cell size kept constant.  

On the other hand, the fifth variant (DL) composed of only two weft yarn systems while hybrid 

conductive yarns were introduced as wefts in the structure of this particular variant. Therefore, 

the conductive weft yarn density was doubled in DL compared to the other variants to study the 

effects of the density together with waviness degree of the conductive yarns on shielding 

properties of the compound woven fabrics. The performance of this factor on the EMSE will be 

further discussed in the next section.   

The graphical representations of the conductive grids for all the five variants (front-left 

perspective view, longitudinal section, and cross-section) sketched by Wisetex software are 

displayed in Table 2-6.  

As described earlier, only conductive component contributes to the EMSE behavior of textile 

products. So, the 3D conductive grid of each variant was the only operational part in EMSE 

behavior of the manufactured woven fabrics. Therefore, the structural characteristics of the 

conductive networks of all the variants were analyzed.  

First, the waviness degree of the silver multifilament yarns was determined based on ASTM 

D3883-04 standard explained in section 2.1.1. Waviness degree (crimp percentage) of the 

conductive warp and weft yarns were measured by pulling out the silver multifilament yarns in 

both warp direction(y) and weft direction(x) of the compound woven variants. The mean values 

of the waviness degree for the silver multifilament warps and wefts of each variant was calculated 

using the measurements of 10 yarn samples, each 10 cm in length.  

The properties of 3D conductive grids of all the variants are listed in Table 2-7. As can be seen in 

Table 2-7, waviness degree of the conductive warp yarns was gradually increased from V1 to V4. 

The waviness degree of the conductive warps was increased among four different variants (V1-

V4) to increase the quantity of the conductive material through the thickness of the variants. The 

effects of the conductive material growing through the thickness of the variants by changing the 

yarn placement were investigated on shielding behavior of the manufactured variants. It should 

be taken into account that the calculated mass of the conductive material in warp direction(y) was 

enlarged from V1 to V4 (up to 13.5%) due to increasing the waviness degree of the conductive 

warps (20%). 
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Table 2-6- Wisetex based 3D geometrical illustration of the 3D conductive networks [215] 

Variant Front-left perspective view Longitudinal section Cross-section 

V1 

 

  

V2 

 
  

V3 

   

V4 

 
  

DL 

 

 

  

Similarly, the waviness degree of silver wefts was increased from V1 to V3 with the amount of 

4.4%. However, the waviness degree of the conductive wefts was nearly the same for V3 and V4 

as given in Table 2-7 (7.1 % for V3 vs 6.5 % for V4).  

Furthermore, the calculated weight of the silver wefts and accordingly, the total mass of silver 

was greater for DL among all the variants since all the wefts (two weft yarn systems) were hybrid 

conductive yarns (cotton/silver) in the fifth manufactured variant (DL).  
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Table 2-7- Properties of the 3D conductive networks [215] 

No.   Property Unit 

Variant 

V1 V2 V3 V4 DL 

1. Silver yarn diameter mm 0.12 0.12 0.12 0.12 0.12 

2. Fabric unit cell width mm 1.43 1.43 1.43 1.43 1.43 

3. Fabric unit cell length  mm 0.91 0.91 0.91 0.91 0.91 

4. Waviness degree of warp % 4.4 11.4 17 24.8 16.8 

5. Waviness degree of weft % 2.7 3.8 7.1 6.5 4.7 

6. Calculated mass of warp g/m2 124.0 132.3 139.0 148.3 138.7 

7. Calculated mass of weft g/m2 77.6 78.5 81.0 80.5 158.3 

8. Calculated mass of the conductive grid g/m2 201.6 210.8 220.0 228.8 297.1 

9. Vertical magnitude of the 3D conductive grid mm 0.68 0.74 2.4 1.9 1.9 

 Investigation of the electromagnetic shielding effectiveness of the compound woven 

fabrics  

The setup in an anechoic chamber which was represented in Figure 2-3 was employed to measure 

the EMSE of the manufactured 3D warp interlock woven fabrics (V1-V4 and DL) at the 

frequency range of 1-6 GHz.  

The effects of growing the waviness degree of the conductive yarns was deliberated due to the 

fact that the conductive yarns covered larger amplitude of the thickness of the variants where the 

unit cell size kept unchanged and the EMSE was evaluated in the directions at right angles to the 

thickness of the variants (warp direction(y) and weft direction(x)).  

It is noted that the binding depth (BD) of the conductive warps was BD =0 layer for V1, 

increased to BD=1 layer for V2 and BD=2 layer for V3 which led to increasing the waviness 

degree of silver multifilament warps from V1 to V3.  

In addition, the waviness degree of the conductive warps was larger for V4 in comparison with 

the waviness degree of the conductive warps of V3 even though the binding depth of V3 and V4 

were equal (BD=2 layers). The waviness degree of the warps for V4 was increased by changing 

the interlacing frequency of the cotton yarns which formed the outer layers of the compound 

woven variant (3/1 twill weave on the face and plain weave on the reverse side of the fabric). 
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Also, the discontinuity in arranging the conductive warps through the thickness of DL was due to 

the two conductive weft systems. 

 Investigation of the EMSE of the 3D warp interlock woven variants  

The EMSE of all the five variants (V1-V4 and DL) in warp direction(y) and weft direction(x) is 

publicized in Figure 2-12(a and b) at the frequency range of 1-6 GHz.  

  
(a) 

 
  (b) 

Figure 2-12- The EMSE of V1, V2, V3, V4, and DL measured in (a) Warp direction(y) and (b) 

Weft direction(x) [215] 
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The average curves of the EMSE values in both warp direction(y) and weft direction(x) are 

displayed in Figure 2-13(a and b), respectively. Five consecutive EMSE values (intermittently 

every 100 MHz) using all the data of five repeated EMSE measurements were used to calculate 

the mean values of the EMSE for each 3D warp interlock woven variant. The average curves of 

the EMSE were presented in order to compare the EMSE results of the variants by reducing data 

scattering where changes of the EMSE can be straightforwardly tracked.  

The EMSE results displayed in Figure 2-13(a and b) specified that V1 ensured the minimum 

EMSE values while V4 showed the highest shielding values in both warp direction(y) and weft 

direction(x).  

 
(a) 

 

(b) 

Figure 2-13- The average curve of EMSE for V1, V2, V3, V4 and DL in (a) warp direction(y) 

and (b) weft direction(x) [215] 
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As mentioned earlier, an increase in the undulation of the conductive yarns through the thickness 

of the variants ensued altering in the waviness degree of the silver multifilament yarns in warp 

direction(y). Besides, the alteration in waviness degree of warps caused changes in waviness 

degree of wefts as a result of the bond of the warp and weft yarn systems in the 3D warp interlock 

woven fabrics. In other words, the way that different warp and weft yarn systems interlaced in 

association with the binding depth (BD) layers led to waviness degree variations of the yarns.  

The EMSE range (minimum-maximum) in warp direction(y) and weft direction(x), binding 

depth(BD), vertical magnitude of 3D conductive grids, waviness degree of the conductive warps 

and, mass of conductive grids are shown in Table 2-8 in the direction of investigating the effects 

of the conductive yarn arranging and undulation on the EMSE behavior of the variants.  

It is noted that vertical or warp direction(y) showed that the fabric length was parallel to the 

vertical antenna polarization when the EMSE was measured. On the other hand, horizontal or 

weft direction(x) specified that the fabric width was parallel to the vertical antenna polarization 

during EMSE measurement tests. 

Table 2-8- The EMSE values measured in warp direction(y) and weft direction(x), binding 

depths, the vertical magnitude of conductive grids, waviness degree of the conductive warps and, 

calculated mass of conductive grids of the manufactured 3D warp interlock woven variants [215] 

No.   Property Unit 

Variant 

V1 V2 V3 V4 DL 

1. EMSE values in warp direction(y)* dB 24-31 30-38.5 28-37 33-44 29-37.5 

2. EMSE values in weft direction(x)* dB 19-25 22-39.5 21.5-33 24-41.5 22-33 

3. The depth of binding (BD) - 0 1 2 2 2 

4. Vertical magnitude of  

the 3D conductive grid 

mm 0.68 0.74 2.4 1.9 1.9 

5. Waviness degree of  

conductive warp 

% 4.4 11.4 17 24.8 16.8 

6. Calculated mass of  

the conductive grid 

g/m2 201.6 210.8 220.0 228.8 297.1 

* The minimum and maximum values of the measured EMSE at the frequency range of 1-6 GHz 

Figure 2-14 represents the maximum EMSE values measured in warp direction(y) and weft 

direction(x) versus different parameters of the 3D conductive grid (binding depth, the magnitude 
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of the 3D conductive grid, waviness degree of the conductive warps, and mass of the conductive 

grid).  

 
Figure 2-14- The Maximum EMSE values measured in warp direction(y) and weft direction(x) 

versus different parameters of the 3D conductive network 

The EMSE results of all the compound variants (Figure 2-14) showed that the EMSE values of 

V2 were bigger in comparison with the EMSE values of V1 in both warp direction(y) and weft 

direction(x) while BD was increased from 0 to 1 layer for V2 compared to V1. Similarly, the 

greater EMSE values were detected for V4 in comparison with the EMSE values of V2 because 

of the larger BD of V4 (BD=2 layers for V4). In point of fact, the higher BD, namely the higher 

amplitude of the conductive yarns through the thickness of the variants led to the superior 

attenuation where the EMSE measurement was accomplished in perpendicular directions (warp 

direction or weft direction) to the direction of the fabric thickness. However, the EMSE values of 
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V3 were smaller than those of V4 and V2 regardless of the fact that the binding depth of V3 and 

V4 were comparable (BD=2 layers). 

Moreover, no correlation was realized between the shielding level of the compound variants and 

the vertical magnitude of 3D conductive networks. For example, the vertical magnitude of the 3D 

conductive grid of V3 was 2.4 mm although the EMSE of V3 was approximately the same as the 

EMSE of DL (vertical magnitude of the 3D conductive grid of DL=1.9 mm) as indicated in 

Figure 2-14.  

The conductive warps were alternatively arranged through the thickness of V3 which was the 

reason for the larger vertical magnitude of the 3D conductive grid of V3 compared to the other 

variants with the same binding depth. The inconsistency in the orientation of the conductive 

warps through the variant thickness was correlated to the placement of the conductive warps 

although the bigger thickness of the variant was covered by conductive warps in V3.  

Furthermore, V4 showed the maximum shielding among all the five variants due to the greatest 

waviness degree of the conductive warps in the variant V4. Also, the maximum EMSE values of 

V3 and DL were approximately equal where the waviness degrees of the conductive warps were 

the same for these two variants. Therefore, a correlation between the waviness degree of the 

conductive warps and the EMSE results can be acknowledged. However, the EMSE of V2 with a 

lower waviness degree of the conductive warps was marginally larger to the EMSE level of V3 

and DL. 

Overall, the results indicated an increase of 40% in the EMSE measured in warp direction(y) and 

an increase of 25% in the EMSE measured in weft direction(x) for V4 in comparison with V1 

while the difference of total consumed silver for weaving these two woven variants was around 

14%. Increasing of 14% attenuation measured in warp direction(y) was observed for V4 

compared to V2 by increasing 9% of the total silver amount. Also, comparing the maximum 

values of EMSE measured in weft direction(x) of V2 and V1, 17% higher attenuation was 

observed for V2 than that of V1 while the mass difference of silver as the only conductive 

component of the manufactured structures was 5%.  

Considering the EMSE results, larger binding depth and uniform distribution of silver 

multifilament yarns initiated a growth in waviness degree of the conductive yarns in warp 

direction(y) which led to an enlargement in the EMSE values of V4 in both warp direction(y) and 

weft direction(x). In other words, a stronger shield against the electromagnetic waves emitted 
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parallel to the warps or wefts of the variant (warp direction or weft direction) was generated using 

a larger magnitude of the conductive component through the thickness (z-direction) of V4.  

In contrast, the first variant (V1) was designed and weaved ensuring the least possible waviness 

degree owing to the BD=0 layer (4.4 % waviness degree for silver multifilament warps and 2.7 % 

waviness degree for silver multifilament wefts in practice). Therefore, the minimum values of the 

EMSE were detected for V1 among all the manufactured variants (V1-V4 and DL) as revealed in 

Table 2-8.  

Additionally, the lower waviness degree of silver warps for V3 was perceived in comparison with 

silver warps’ waviness degree of V4 as a result of the changes in the distribution of the 

conductive yarns for V3. As a result, lower EMSE values of V3 were witnessed compared to the 

EMSE values of V4 with equal binding depth (BD=2) layers.  

Also, the distribution of the conductive yarns was not uniform through the thickness of DL 

because of doubling the conductive weft yarn systems. Accordingly, lower EMSE values for DL 

were measured in comparison with EMSE results of V4 due to the inconsistency of the 

conductive yarns through the thickness of DL where the binding depth of these two variants was 

comparable (BD=2) layers.  

In addition, the bigger EMSE values of V2 compared to EMSE values of DL were correlated to 

the distribution of the conductive yarns which was uniform through the thickness of V2. The 

uniform distribution of the conductive yarns in V2 made a better shield in warp direction and 

weft direction. However, BD and waviness degrees of silver multifilament warps were lower for 

V2 than those of V3 and DL as presented in Table 2-8.  

Moreover, the EMSE values of DL and V3 were approximately equal where the similarity can be 

inferred to the equal waviness degree of silver multifilament yarns in warp direction(y), equal 

binding depth (BD) and the yarn distribution of the yarns through the thickness of these two 

variants (DL and V3). In point of fact, the binding depth was the same for these two variants 

(BD=2) layers and the waviness degree of the conductive warps was closely the same (16.8 % for 

DL vs 17% for V3). Therefore, the same attenuation level was perceived for V3 and DL in both 

warp direction(y) and weft direction(x) although the mass of silver was considerably lower 

(~35% lower) for V3.  

In summary, the larger undulation of silver multifilament yarns through the thickness of the 

manufactured compound woven variants and consequently, greater waviness degree of the 
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conductive yarns initiated better attenuation (higher EMSE) although arranging of the conductive 

warps through the thickness of the compound variants played an important role in the level of 

EMSE of the woven variants that cannot be ignored. 

Accordingly, the results (Figure 2-14) revealed that increasing of the waviness degree of the 

conductive yarns (silver multifilament yarns) from V1 to V4 led to better protection against 

electromagnetic waves in the frequency between 1 and 6 GHz while the other parameters (e.g. the 

yarn density, yarn fineness and ratio between cotton/silver and silver yarns) remained unchanged. 

 Analysis of the EMSE measured in warp direction(y) and weft direction(x) 

The EMSE values (minimum-maximum) measured at the frequency band of 1-6 GHz along with 

with the characteristics of the conductive grids of all the manufactured variants (V1-V4 and DL) 

for instance waviness degree of the silver multifilament yarns in warp direction(y) and weft 

direction(x) is revealed in Table 2-9.  

Table 2-9- The EMSE values and the characteristics of the conductive grids [215] 

No. Property Unit 

Variant 

V1 V2 V3 V4 DL 

1. EMSE values in 

warp direction(y) 

dB 24-31 30-38.5 28-37 33-44 29-37.5 

2. EMSE values in  

weft direction(x) 

dB 19-25 22-39.5 21.5-33 24-41.5 22-33 

 

3. Density of  

conductive yarns  

warp Yarns/cm 11 11 11 11 11 

weft 7 7 7 7 14 

4. Waviness degree 

 of conductive warp 

% 4.4 11.4 17 24.8 16.8 

5. Waviness degree 

 of  conductive weft 

% 2.7 3.8 7.1 6.5 4.7 

   

6. Cell size length  mm 0.91 0.91 0.91 0.91 0.91 

7. Cell size width mm 1.43 1.43 1.43 1.43 1.43 

The results suggested that the EMSE values measured in warp direction(y) were greater in 

comparison with the EMSE values measured in weft direction(x) for all the five variants 

(Figure 2-14). Both yarn density and waviness degree of the silver multifilament yarns were 

bigger in warp direction(y) in comparison with the yarn density and waviness degree of the 
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conductive yarns in weft direction(x) for the first four variants (V1, V2, V3, and V4). So, the 

higher level of the EMSE in warp direction(y) can be because of the higher yarn density or the 

greater waviness degree of the conductive yarns or both in warp direction(y) of the first four 

variants (V1-V4).  

The EMSE results of the manufactured 2D woven fabrics in section 2.2.3 showed that increasing 

the yarn density resulted in the higher EMSE values of 2D woven fabrics although the attenuation 

enlargement was not significant. Also, some former studies have stated that the effects of the 

conductive yarn density on the EMSE of the woven fabrics as an individual parameter cannot be 

verified [86], [87], [216]. The previous studies suggested that the theory of the shielding behavior 

with altering the conductive yarn density of a woven structure could not be established as a result 

of alteration in the shape of apertures by changing the yarn density and size of apertures. In other 

words, they specified that the effects of the placing of the conductive yarns were significant on 

the EMSE behavior of the woven fabrics.  

It is known that the structures of 3D warp interlock woven fabrics are more complex in 

comparison with simple 2D woven structures as the conductive yarns are arranged through the 

thickness of the 3D woven fabrics irrespective of the yarn density. Consequently, the waviness 

degree increase of the conductive component caused by generated changes in the alignment of the 

conductive yarns had a big impact on the level of the EMSE. 

The dissimilarity of the EMSE measured in warp direction(y) and weft direction(x) was in 

agreement with the difference between the waviness degree of the conductive warps and 

conductive wefts (Table 2-9). So, it was suggested that the difference in the EMSE values 

measured in warp direction(y) and weft direction(x) for each variant initiated by dissimilarity in 

waviness degree of the silver multifilament yarns in warp direction(y) and weft direction(x). 

Increasing the waviness degree of the conductive yarns in warp direction(y) as a result of the 

presence of the conductive warps in the transverse direction was the reason for the higher EMSE 

values due to the fact that the EMSE was measured in the parallel direction to the warps. 

Also, the EMSE values of DL in warp direction(y) were greater than the EMSE values in weft 

direction(x) while warp density of the conductive yarns was 11 (yarns/cm) and weft density of 

total conductive yarns was 14 (yarns/cm) for DL. Therefore, the higher EMSE values measured 

in warp direction(y) of DL were correlated to the almost fourfold larger waviness degree of the 
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silver multifilament warps in comparison with the waviness degree of the silver multifilament 

wefts. 

The maximum EMSE values were suggested at 3 GHz for all the variants inspecting the EMSE 

curve of each variant in warp direction(y). In the same way, the maximum EMSE value was 

suggested at 2 GHz for each variant as illustrated in Figure 2-13(a and b) when the EMSE 

measurement was done in weft direction(x). 

It is noted that waviness degree of the conductive warps and wefts, and mass of the conductive 

grids were different for different variants on one hand and the unit cell length and width were the 

same for all the variants on the other hand as shown in Table 2-9. The cell length was 0.91 mm 

and the cell width was 1.43 mm for all the five compound woven variants (V1, V2, V3, V4, and 

DL).  

It was suggested that the increase of the EMSE level in a particular frequency happened as a 

result of the correlation between the unit cell size (length or width) of the 3D warp interlock 

woven fabrics and the wavelength of the electromagnetic waves at that specific frequency. 

Accordingly, the maximum EMSE beheld at 3 GHz (wavelength =100 mm) in warp direction(y) 

where the warp spacing was roughly 1 mm and it was perceived at 2 GHz (wavelength =150 mm) 

in weft direction(x) where the weft spacing was approximately 1.5 mm for all the compound 

variants (V1, V2, V3, V4, and DL). It is noted that the maximum attenuation was perceived at 3 

GHz in warp direction(y) and 2 GHz in weft direction(x) irrespective of the quantity of the 

conductive component, waviness degree and the number of the conductive yarns systems.  

Hence, any modifications in yarn spacing (unit cell size) of the 3D warp interlock woven fabrics 

have effects on the EMSE values at a specified frequency range. Therefore, the unit cell size of a 

woven structure should be considered during the design phase of compound woven fabrics 

regarding the targeted frequency for EMSE applications. 

The EMSE results in the frequency between 1 and 6 GHz for all the compound woven variants in 

both warp direction(y) and weft direction(x) suggested that these manufactured variants were 

excellent to be applied as electromagnetic shield fabrics in the frequency band of  2-3 GHz due to 

the possible correlation between the wavelength and the unit cell size of the manufactured 

compound woven variants. For instance, the value of the EMSE was around 28 dB for V1 and 

39 dB for V4 at 1.8 GHz and 2.4 GHz while 1.8 GHz corresponds to the frequency for mobile 
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applications and 2.4 GHz corresponds to ISM bands (the radio spectrum of industrial, scientific 

and medical) in Europe [214]. 

2.4 Summary  

Two sets of 2D woven fabrics (seven different woven fabrics) and a set of five 3D warp interlock 

woven fabrics were designed and manufactured using metal-based yarns as the conductive 

component for electromagnetic shielding effectiveness development. The EMSE of all the 

manufactured woven fabrics was evaluated using a measurement setup in an anechoic chamber 

for the frequency band of 1-6 GHz. The main objective of this chapter was to define the effects of 

the properties of the fabrics on the EMSE of the woven fabrics. The following conclusions were 

accomplished of the structural analysis of the manufactured 2D and 3D woven fabrics along with 

the EMSE examination.  

 The EMSE of 2D woven fabrics 

Seven samples of 2D woven fabrics were produced using two conductive yarns with different 

conductivity. The main idea was to determine the optimized weave structure among three basic 

weave structures (plain, twill, and satin) with the intention of the electromagnetic shielding 

effectiveness applications. Also, two different densities of the conductive yarns (8 (yarns/cm) and 

16 (yarns/cm)) were applied to weave the woven fabrics to study the effects of the conductive 

yarn density on the EMSE.  

The EMSE results of the manufactured 2D woven fabrics showed that doubling the conductive 

yarn density led to a slightly higher EMSE level (~10%). S1 and S3 exposed higher EMSE values 

in comparison with the EMSE values of S2 and S4 due to the higher density of the conductive 

yarns ensuring the same weave structure and the same conductive material for S1 and S2 or S3 

and S4.  

In addition, 2D woven fabrics with plain weave structure (S5 (or S1 or S2)) showed marginally 

better EMSE, followed by the woven fabrics with twill weave structure (S6 (or S3 or S4)), and 

the woven fabric with satin weave structure (S7). The effects of weave structures on the EMSE 

were correlated to the difference between the floats of the conductive yarns for different weave 

structures where all the other parameters like yarn density and fineness stayed unchanged.  

On the other hand, the EMSE results of S1 (23-39 dB) and S3 (21-35 dB) were approximately 

equal at most frequencies in the frequency range of 1-6 GHz. Also, the similar EMSE values 
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were observed for S2 and S4 or S5 and S6 at some frequencies. This similarity can be inferred to 

the diagonally arranged of the conductive yarn floats in these woven fabrics although the weave 

structures were not identical.   

Moreover, the results revealed higher EMSE values (in the range of 20-30 %) for the woven 

fabrics using PA 12 coated with silver yarns as conductive wefts due to the higher electrical 

conductivity of silver in comparison with Inox (electrical conductivity of silver is almost fifty-

fold as big as Inox).  

To sum up, the effects of the conductive yarn density along with the weave structure were not of 

great importance on the EMSE level of the 2D woven fabrics. To clarify, the EMSE was slightly 

increased even though the conductive yarn density was doubled for some woven samples. Also, 

metal yarns were exposed to the air and could not be easily protected from oxidation, corrosion 

and mechanical abrasion in the manufactured 2D woven fabrics. Also, skin touch with the wearer 

could not be controlled where the metallic yarns appeared on the outer layer of the fabrics.  

 The EMSE of 3D warp interlock woven fabrics 

Four 3D warp interlock woven fabrics were designed and produced for the EMSE applications 

encompassing three warp yarn systems and three weft yarn systems (V1, V2, V3, and V4). The 

hybrid conductive yarns made of cotton staple yarns and silver multifilament yarns were used in 

the middle yarn systems for both warp direction(y) weft direction(x). Undulation of the 

conductive yarns (binding depth) was enlarged among four manufactured compound woven 

variants with the same setup of the weaving loom.  

The compound woven structures were designed to integrate the conductive yarns inside the 

variants. The idea was to keep the metal yarns hidden inside the variants to avoid the skin touch 

with the wearer and to ensure the continuity of the conductive network at all the binding points.  

On contrary, the fifth compound woven structure (DL) was designed and manufactured with only 

two weft yarn systems (all the weft were hybrid conductive yarns) acquiring the same yarn 

fineness and warp density as all the other compound variants.  

The EMSE results of 3D warp interlock woven fabrics showed that larger binding depth (BD) of 

the conductive yarns led to greater coverage of the thickness of the 3D woven fabrics by 

conductive warps. As a result, the woven variants with larger BD showed higher attenuation. In 

other words, undulation of the conductive yarns through the thickness of the manufactured 3D 

warp interlock woven variants promised a higher level of electromagnetic attenuation (EMSE 
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(V4) > EMSE (V2) >EMSE (V1)). For example, an increase of 40% in the attenuation level was 

observed for V4 with BD=2 layers in comparison with V1 with BD=0 layers (warp waviness 

difference between V1 and V4 was nearly 20 %).  

Moreover, positioning of the conductive warps was not uniform through the thickness of V3 and 

DL which led to lower EMSE values in comparison with the EMSE values of V4 while the 

variants V3, V4, and DL were weaved having the same binding depth (BD=2) layers.  

Also, the EMSE values of DL and V3 were comparable (29-37.5 dB for DL and 28-37 dB for 

V3). This similarity was correlated to the equivalent floats of the conductive yarns through the 

thickness of these variants which led to similar waviness degrees of the silver multifilament yarns 

in warp direction(y) for V3 and DL (17% for V3 vs 16.8 % for DL). However, total mass of the 

conductive component was comparatively larger in DL.  

Studying the EMSE graphs of the compound woven fabrics in warp direction(y) and weft 

direction(x), the difference between the EMSE measured in warp direction(y) and weft 

direction(x) was witnessed. The dissimilarity occurred because of the higher waviness degree of 

the conductive yarns in warp direction(y) than the waviness degree of the conductive yarns in 

weft direction(x) for all the variants (V1-V4 and DL). In a few words, increasing of the waviness 

degree of the conductive yarns generated by changing the displacement of the conductive 

component had a major influence on the level of the EMSE.  

The results of the EMSE measurements showed that the 3D warp interlock woven variants were 

excellent for electromagnetic shielding applications in the frequency band of 2-3 GHz due to the 

possible correlation between the wavelength of the electromagnetic waves and the unit cell size 

of the woven variants.  

The EMSE results of all the manufactured variants were in satisfactory range (19-44 dB) for 

personal wearable shielding applications. These compound woven fabrics can be applied for 

shielding the household appliances, FM/AM radio broadcast sets, cellular phones, computers, 

buildings, etc, too. 

To conclude, changing the positioning of the conductive yarns by changing the parameters such 

as waviness degree played a key role in the EMSE level of the compound woven variants.  

Chapter 2 discussed the influences of the characteristics of 2D and 3D woven fabrics on the 

EMSE of the manufactured woven fabrics using commercial metallic yarns. It was suggested to 

apply metal yarns in mid-play of the compound woven fabrics in order to avoid the difficulties 
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caused by metal exposure to the air or the skin touch with the wearer as the ultimate goal of the 

present thesis was to design and manufacture a shielding fabric for personal wearable protection 

against the existence electromagnetic waves in the human living environment. 

However, as identified in Chapter 1, the shielding fabrics made of metal yarns suffer from poor 

washability and uncomfortability (e.g. heavyweight and skin allergy) where the production 

process of the metal yarns is also complicated and expensive.  

In the next chapter, a polymer-based monofilament development would be suggested to be 

replaced with metal yarns in the woven fabric making process for personal protection against 

radiation to reduce the limitations of the shielding fabrics containing metal yarns. 
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3 Chapter 3: Conductive monofilament development for EMSE 

fabric manufacturing 

As discussed in Chapter 2, the EMSE fabrics made of metal yarns suffer from poor washability 

and uncomfortability such as high density as well as skin allergy causes for the wearer. Also, the 

production process of metallic yarns is complicated and expensive.  

To decline the limitations of the EMSE fabrics containing metal yarns, a polymer-based 

monofilament was suggested in Chapter 3 for the woven fabric making process intended for 

personal protection against radiation.  

Chapter 3 presents conductive polymer-based monofilament generating by melt mixing method 

using extrusion. The development of a new conductive monofilament yarn was investigated in 

this chapter since conductive polymer nanocomposites (CPCs) can be lightweight, inexpensive 

(using a low quantity of nanofillers), and corrosion-resistant. Also, melt mixing method is an 

adaptable technique for thermoplastic polymers since this method is environmentally friendly, 

cost-effective, and suitable for mass production.  

The above-mentioned properties made the developed CPC monofilament yarn using melt mixing 

method an appropriate alternative for garment making process for personal protection against 

electromagnetic waves. Thus, monofilament yarns were produced considering the desired 

electrical conductivity for weft insertion in the woven fabric structures. Finally, the 

electromagnetic shielding effectiveness of the manufactured woven fabrics with the CPC 

monofilaments was measured in the frequency range of 1-10 GHz.  

3.1 Conductive monofilament manufacturing  

 Materials  

The following materials were applied for monofilament manufacturing in the present chapter: 

 Polyamide 6,6 (PA6,6) - Torzen™ U4803 NC01 PA6.6 resin (density: 1.14 g/cm3) was used 

as thermoplastic polymer matrix of the nanocomposites.  

 Multiwall Carbon Nanotube (MWCNT) - Nanocyl NC7000 series (surface area: 250 - 300 

m2/g; density: 1.30–2.00 g/cm3 with an average diameter of 9.5 nm and length: 1.5 μm) was 

purchased from Nanocyl S.A., (Belgium). 
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 Carbon Black (CB) - Printex L6 powder series (surface area: 200 m2/g; density: 1.7–1.9 g/cm3 

and particle size: 18 nm) which has a spherical cross-section, was purchased from Orion 

Engineered Carbons Company, (Germany). 

 Carbon Black (KB) - Ketjenblack EC-300J series (surface area: 800 m2/g; density: 2.1 g/cm3 

and particle size: 39.5 nm) was supplied by Akzo Nobel in Netherlands. Ketjenblack EC-300J 

has a high effective surface area due to the contribution of internal voids. 

It should be noted that the main objective of this chapter was to replace the common conductive 

yarns (metallic yarns) with the developed monofilaments for shielding textiles production. It is 

also noted that the presence of nanofillers could cause a reduction in the elasticity of the matrix 

polymer. The strategy to avoid this problem was to use a polymer with appropriate mechanical 

properties as the matrix of the nanocomposites to decline the probable complications caused by 

low mechanical properties. As a result, PA6,6 was chosen as the matrix of the nanocomposites 

since it is a commercial polymer suitable for the desired application and it has been mainly used 

for textile applications, especially in the garment industry. PA6,6 is also durable and weather-

resistant which makes it a suitable candidate to manufacture a wearable textile device for 

personal protection. 

In addition, MWCNT, CB, and KB were selected among conductive nanofillers in order to 

increase the conductivity of the polymer-based nanocomposites. Transmission electron 

microscopy (TEM) images of three nanofillers are illustrated in Figure 3-1(a, b, c). These 

nanofillers provide different surface areas that lead to dissimilarity in nanofiller dispersion and 

percolation threshold of the electrical conductivity in conductive polymer nanocomposites 

(CPCs). For example, the pore structure of KB allows it to perform as highly conductive carbon 

nanofiller in comparison with CB having a spherical cross-section.  

 

(a) (b) (c) 

Figure 3-1- Transmission electron microscopy images of (a) MWCNT, (b) CB and (c) KB [59] 
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 Nanocomposites development  

Two sets of conductive polymer nanocomposites (CPCs) were suggested in the present chapter. 

First, MWCNT particles were added to the polymer matrix (PA6,6) by melt mixing process using 

extrusion in order to determine the experimental percolation threshold of electrical conductivity 

of the PA6,6-based nanocomposite contained MWCNTs. Consequently, the quantity of MWCNT 

was ranged from 0.5 to 5 wt.% in the PA6,6-based nanocomposite. 

Another set of PA6,6-based nanocomposites was developed using CB particles with the quantity 

of nanofiller (CB) ranged from 5 to 30 wt.%.  

It should be noted that all the pellets mixed with MWCNTs or CBs were dried at 80°C for 12 

hours before extrusion. The pellets should be well dried before introducing to the extruder as 

PA6,6 pellets promptly absorb water molecules in the air of the room and it causes complications 

in extrusion process of the CPCs which may result in a poor quality of the produced CPCs. The 

formulations of all the developed CPCs are listed in Table 3-1.  

The nanocomposites with MWCNT or CB were blended by melt mixing method using co-

rotating twin-screw extruder ThermoHaake (screw diameter: 16 mm and L/D: 25) while the 

rotation speed was fixed to 100 rpm and the temperatures of the extruder were set at 270°C in 

feeding zone and 280°C, 280°C, 279°C and 278°C in barrels zones, respectively.  

The schematic diagram of the twin-screw extruder and an image of the applied extruder device in 

this chapter are shown in Figure 3-2(a and b). It should be taken into consideration that PA6,6 is a 

thermoplastic polymer and as a result, the melt mixing method was applicable for development of 

the nanocomposites.  

A cooling bath (Yvroud, France) with closed circulation of water in room temperature was 

applied in order to cool down the manufactured monofilaments efficiently. Consequently, the 

produced monofilaments were collected when the speed was fixed at 1 m/min. 
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Table 3-1- Formulation of the conductive polymer nanocomposites (CPCs) [59] 

Sample Code 
PA66 

wt. % 

MWCNT 

wt. % 

CB (Printex) 

wt. % 

KB (Ketjenblack) 

wt. % 

PA 100 - - - 

PA-MWCNT0.5 99.5 0.5 - - 

PA-MWCNT1 99 1 - - 

PA-MWCNT1.5 98.5 1.5 - - 

PA-MWCNT2 98 2 - - 

PA-MWCNT3 97 3 - - 

PA-MWCNT5 95 5 - - 

PA-CB5 95 - 5 - 

PA-CB7.5 92.5 - 7.5 - 

PA-CB10 90 - 10 - 

PA-CB15 85 - 15 - 

PA-CB20 80 - 20 - 

PA-CB30 70 - 30 - 

PA-MWCNT1.8-CB1.8 96.4 1.8 1.8 - 

PA-MWCNT1.7-CB3.3 95 1.7 3.3 - 

PA-MWCNT1.3-CB5.2 93.5 1.3 5.2 - 

PA-MWCNT2.6-CB2.6 94.8 2.6 2.6 - 

PA-MWCNT2.5-CB5 92.5 2.5 5 - 

PA-MWCNT2-CB7.8 90.2 2 7.8 - 

PA-MWCNT2.6-KB*2.6 94.8 2.6 - 2.6 

PA-MWCNT2.5–KB*5 92.5 2.5 - 5 

PA-MWCNT2–KB*7.8 90.2 2 - 7.8 
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(a) 

 

(b) 

Figure 3-2- (a) Schematic and (b) Image of the co-rotating twin-screw extruder ThermoHaake 

3.2 Characterization  

 Electrical conductivity measurement  

As explained in Chapter 1, the electrically conductive materials produce and conduct free charges 

which lead to electromagnetic shielding effectiveness. So, the electrical properties of the 

developed nanocomposites had to be investigated. Consequently, electrical properties of the 

monofilaments were measured using 2-wire ohms measurement (2w). The principle of this 

method is shown in Figure 3-3.  
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Figure 3-3- The schematic of the resistance measurement principle [180] 

The electrical resistance of all the produced monofilaments was measured by means of Keithley 

SMU 2461 source meter given in Figure 3-4(a) by applying a given DC voltage and measuring 

the current passing through the monofilament. The voltage applied between two points spaced by 

L = 1 cm was varied from -0.5 to 5 V with an automatic increment of 0.5 V and the (I/V) curve 

was plotted for each nanocomposite sample. The electrical resistance (R) was concluded as the 

inverse slope of the curve. 

The electrometer was connected with the clips (Figure 3-4(b)) to the monofilaments with the 

measurement length of 1 cm. 10 measurements for each conductive polymer nanocomposite 

specimen was carried out. It should be noted that no significant difference between the resistance 

of rods in different measurement lengths of 1, 2 and 5 cm was observed which confirmed that the 

rods conductivity was homogeneous. 

 

Figure 3-4- (a) The resistance measurement method and (b) The clips used for the measurement 

Equation (22) was applied to calculate the electrical conductivity of the produced nanocomposites 

where R shows the electrical resistance of the material (Ω), V is the voltage (V), I is the current 

(A), 𝜌 is the resistivity (Ω.m), L is the length between two points (m),  represents the electrical 
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conductivity ((Ω.m)-1 or Siemens per meter (S/m)) and S is the cross-section of the monofilament 

(m2). It should be noted that the cross-section of the monofilament was calculated using the mean 

value of the rod diameter (circular diameter). 

R =
V

I
              (19) 

R =
L

S
             (20) 

 =
1


            (21) 

 =
L

S×R
           (22) 

Afterward, the percolation threshold was determined by plotting the electrical conductivity of the 

produced nanocomposites having MWCNTs or CBs versus reduced nanofiller mass concentration 

and fitting with a power-law function as shown in equation (23) where o is scaling factor, c is 

the percolation threshold,  is the conductivity of the produced CPC and  is the nanofiller 

content of the CPC.  

σ = σo(ρ − ρC)t , for c            (23) 

 Transmission electron microscopy (TEM) 

The samples were embedded into epoxy resin and ultramicrotome along the longitudinal direction 

using a diamond knife on a Leica ultra-cut UCT microtome, at Cryo temperature (-120°C) to give 

a section with a nominal thickness of 70 nm. Then, sections were transferred to Cu grids of 400 

meshes. Bright-field TEM images of the nanocomposites were obtained at 200kV under low dose 

condition with FEI TECNAI G2 20 electron microscope, using a Gatan CCD camera and Gatan 

digital micrograph software when both low magnification and high magnification images were 

taken of the nanocomposite samples in order to ensure the representative analysis.  

 Melt flow index (MFI) 

Melt flow index (MFI) is defined as the measure of the viscosity (flowability) of thermoplastic 

polymers in grams over 10 minutes at a given temperature. The melt flow tester from 

ThermoHaake was applied for MFI measurements to analyze the spinning feasibility by defining 

the viscosity of the molten nanocomposites. A schematic of the MFI indexer is sketched in 

Figure 3-5.  

The tests were performed at 280°C with 2.16 kg load complies with ISO 1133-1 when all the 

nanocomposite pellets were dried at 80°C for 12 hours before the measurements. It should be 
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noted that the MFI test was repeated three times for each nanocomposite sample and the results 

were averaged. 

 
Figure 3-5- A schematic of Melt Flow Indexer 

3.3 Investigation of the electrical and morphological properties  

The electrical conductivity of all the monofilaments contained MWCNT (0.5-5 wt.%) and CB (5-

30 wt.%) was calculated using equation (22). The electrical conductivity of the PA6,6-based 

nanocomposites containing MWCNT(blue curve) and CB (red curve) as a function of the 

nanofiller mass concentration are plotted in Figure 3-6.  

 

Figure 3-6- Electrical conductivity as a function of the nanofiller mass concentration for PA6,6-

based nanocomposites containing MWCNT( Blue curve) and CB (Red curve) [59] 

The quantity of the conductive nanofillers should be higher than its amount at percolation 

threshold for network construction by nanofillers through the nanocomposite. Hence, the 
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percolation threshold of the electrical conductivity (σth) of PA6,6-based nanocomposites filled 

with MWCNTs or CBs was determined on the curves of the electrical conductivity versus 

nanofiller mass concentration using power-law function given in equation (23).  

The conductive network was developed by increasing the content of MWCNTs or CBs in the 

developed CPCs. As shown in Figure 3-7(a), the critical component was 0.8 when the percolation 

threshold was 2 wt.% (MWCNT) for the nanocomposite filled with MWCNT. Also, the critical 

component was 0.4 and the percolation threshold was 15 wt.% of the nanofillers for the 

nanocomposite filled with CB as displayed in Figure 3-7(b).  

 

(a) 

 

(b) 
Figure 3-7- Calculation of the percolation threshold by application of power law (σ =

σo(ρ − ρC)t
 , for c ) to experimental data for nanocomposites containing (a) MWCNT and (b) 

CB [59] 
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Moreover, the dispersion of MWCNTs was perceived using TEM images for two samples before 

(PA-MWCNT1.5) and after (PA-MWCNT5) percolation threshold in Figure 3-8(a and b).  

MWCNT nanofillers were not well-dispersed in PA-MWCNT1.5 due to the agglomeration of the 

nanofillers in some zones as well as insufficient mass concentration of MWCNTs. As a result, the 

conductive network of nanofillers was not formed through the PA6,6 matrix as shown in 

Figure 3-8(a).  

On the other hand, the conductive network construction can be easily detected in Figure 3-8(b) 

which established the electrical conductivity in the nanocomposite (PA-MWCNT5). The 

dispersion of MWCNTs was comparatively improved in PA-MWCNT5 containing 5 wt.% of the 

nanofiller even though some agglomeration regions can be observed in Figure 3-8(b). It was 

believed that the dispersion of the MWCNTs was developed due to the compatibility of 

MWCNTs with PA6,6 as the matrix by inclusion of a higher quantity (5 wt.%) of the nanofiller 

(MWCNT) in PA-MWCNT5 in comparison with PA-MWCNT1.5 containing only 1.5 wt.% of 

MWCNTs.  

  
(a) (b) 

Figure 3-8- Transmission electron microscopy images of (a) PA-MWCNT1.5 and (b) PA-

MWCNT5 [59] 

In addition, the TEM images of PA-CB10 and PA-CB20 are revealed in Figure 3-9(a and b) to 

investigate the performance of CB nanofillers at two different concentrations before and after 

percolation. It was suggested that CBs were agglomerated in more regions in PA-CB10 in 

comparison with PA-CB20 while CB particles were better dispersed in PA-CB20 and the 

conductive pathways were formed throughout the nanocomposite (PA-CB20) which made it an 

electrically conductive nanocomposite.  

MWCNT agglomerates MWCNT 
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The nanocomposite having MWCNT had a quite low percolation threshold compared to the CPC 

with CB as the conductive nanofiller. This was correlated to the higher surface area of MWCNT 

compared to CB which cooperated in better dispersion of nanofillers in polymer matrix and 

electrical conductivity enhancement. In other words, the MWCNT dispersion was satisfactory in 

the polymer matrix and the electrical conductivity was recognized in the polymer (PA6,6) using 

less amount of MWCNT compared to CB. 

  
(a) (b) 

Figure 3-9- Transmission electron microscopy images of (a) PA-CB10 and (b) PA-CB20 [59] 

It should be taken into account that the monofilament making process using extrusion is strongly 

influenced by the viscosity of the nanocomposite. Therefore, the melt flow index (MFI) value of 

the nanocomposite should be in the standard range for melt mixing process by means of 

extrusion. Adding carbon nanofillers inside the conductive polymer nanocomposites (CPCs) is 

the main cause of difficulties in the monofilament making process as a result of high viscosity.  

The viscosity of the polymer matrix could intensely increase by nanofiller addition, mainly at 

high loading of the nanofillers which has adverse effects on polymer processability during 

extrusion. The evaluation of the MFI is of great importance to evaluate the possibility to prepare 

the electrically conductive materials that could be heated through the Joule effect (the production 

heat as the result of a current flowing through a conductive medium is known as Joule effect) 

[115].  

In fact, viscosity had a major impact on determining spinnability conditions and the possibility of 

melt spinning of the nanocomposites. Hence, having low values of MFI admit that the extrusion 

process of thermoplastic polymers meets complications. 

CB agglomerates 

CB 
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Therefore, the MFI values of all the nanocomposites were determined by the MFI test. The curves 

of measured MFI values of PA6,6-based nanocomposites containing MWCNT(blue curve) and 

CB (red curve) are indicated in Figure 3-10.  

 

Figure 3-10- Melt flow index values for PA6,6/MWCNT and PA6,6/CB nanocomposites [59] 

As can be perceived in Figure 3-10, the MFI value was decreased by increasing the quantity of 

nanofillers (MWCNT or CB). The same trend was observed for MFI values of both 

PA6,6/MWCNT and PA6,6/CB nanocomposites although the viscosity was meaningfully 

increased using the smaller amount of MWCNTs compared to CBs. 

The drop in MFI value by adding nanofillers confirmed that the nanofillers particles caused 

viscosity complications in extrusion process although the electrical conductivity was increased. 

For instance, PA-MWCNT5 and PA-CB30 cannot be applied in the traditional monofilament 

yarn making process by melt mixing method due to the high viscosity. In addition, MFI value 

reduction using a fewer amount of MWCNT compared to CB was owing to the higher surface 

area of MWCNT particles. To sum up, the composition of the produced CPCs should be 

optimized in terms of both electrical conductivity and viscosity.  

3.4 Synergism of conductive nanofillers (MWCNT:CB or KB) 

As discussed earlier, the synergy effects between CB and MWCNT significantly increase the 

electrical conductivity of the nanocomposites [114]. The aim of using a mixture of nanofillers 

was to obtain higher electrical conductivity having a lower quantity of carbon nanofillers. The 

main purpose was to increase the electrical conductivity on one hand and to decrease the viscosity 

complications in the extrusion process on the other hand.  
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The mechanism of the conductive pathway construction with one nanofiller (MWCNT) and the 

ternary mechanism by adding CB to the nanocomposite is shown in Figure 3-11. As shown in 

Figure 3-11, new active conductive pathways were formed thanks to the presence of the second 

nanofiller particles (CB) due to the synergism between CB and MWCNT which led to the higher 

[217].    

A mathematic model was applied in the present chapter to estimate the percolation threshold of 

hybrid carbon nanofillers in the polymer matrix. The proposed model was suggested by Sun et al. 

where the amount of nanofillers at percolation threshold in the extreme state using hybrid 

nanofillers in nanocomposites can be calculated [140]. However, the real state of hybrid 

nanofillers (MWCNT and CB) was not exactly similar to the state of the nanofillers in the model. 

Equation (23) was used for the nanocomposites containing two types of conductive nanofillers (A 

(e.g. MWCNT) and B (e.g. CB)) where mA is the weight fraction of nanofiller A (e.g. MWCNT) 

and mB is the weight fraction of nanofiller B (e.g. CB). The nanocomposite is at its percolation 

threshold state when the value of the equation (24) is equal to 1. 

mA

C,A

 +
 mB

C,B

 =  1           (24) 

Thus, a set of conductive nanocomposites was produced having various ratios of MWCNT and 

CB. In addition, three conductive polymer nanocomposites were produced applying a greater 

extent of MWCNT and CB compared to percolation state to study the electrical conductivity 

performance of the nanocomposites after percolation threshold.  
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Figure 3-11- Mechanism of synergy effects between MWCNT and CB [217] 

Moreover, three nanocomposites were produced while the CB was replaced by KB keeping the 

same amount of nanofillers and the same nanofillers ratio. The compositions of all the ternary 

nanocomposites are presented in Table 3-1. 

 Electrical and morphological properties of the ternary nanocomposites 

Thermoplastic polymers are not generally electrically conductive while using conductive 

nanofillers is a well-known technique to enhance the electrical conductivity of the non-

conductive polymers. On the other hand, adding the high quantity of conductive nanofillers 

increased both the viscosity and the cost of the developed nanocomposites.  

The best available alternative was to use the constructive effects of synergy between MWCNT 

and CB in order to increase the electrical conductivity of the nanocomposite polymers while the 

amount of carbon nanofillers kept reasonably low. 

Therefore, different nanocomposites were produced using three weight ratios of MWCNT and 

CB (1MWCNT:1CB, 1MWCNT: 2CB and 1MWCNT: 4CB) in the present study. Three CPCs 

were generated at percolation threshold and three nanocomposites were produced while more 
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amount of carbon nanofillers (50% greater) compared to the quantity of nanofillers at percolation 

threshold was added to the polymer matrix (Table 3-1).  

The percolation threshold of the electrical conductivity of the nanocomposites having mixed 

nanofillers was calculated using equation (23) [140]. The electrical conductivity of all the six 

nanocomposites was calculated and represented in Figure 3-12 and the evident growth of the 

electrical conductivity was observed due to the positive effects of synergism between MWCNTs 

and CBs. 

In addition, the dispersion of nanofillers in PA6,6 was observed for two samples (PA-

MWCNT1.7-CB3.3) and (PA-MWCNT2.5-CB5) using TEM images represented in 

Figure 3-13(a and b).  

It should be noted that the dispersion of nanofillers was perceived for these two monofilament 

samples due to the fact that the higher electrical conductivity was observed for the samples with 

the ratio of 1MWCNT:2CB at the percolation threshold (MWCNT1.7-CB3.3) as well as after 

percolation threshold (PA-MWCNT2.5-CB5) among all the produced nanocomposite samples 

with different ratios (1MWCNT:1CB, 1MWCNT: 2CB and 1MWCNT: 4CB).   

The dispersion of carbon nanofillers was satisfying for sample PA-MWCNT2.5-CB5 given in 

Figure 3-13(b) and the connection network was well-formed by nanofillers in the polymer matrix. 

Also, the connection path was detected in the image of PA-MWCNT1.7-CB3.3 (Figure 3-13(b)) 

although the nanofillers were not well dispersed as in PA-MWCNT2.5-CB5.  

Furthermore, carbon nanofillers in PA-MWCNT2.5-CB5 were very well dispersed compared to 

the nanofillers in the nanocomposites contained only MWCNTs or CBs due to the fact that one of 

the nanofiller particles (e.g. CB) played a connection role in the middle of the other nanofiller 

particles (e.g. MWCNT) which led to the uniform dispersion of nanofillers inside the 

nanocomposite. Concisely, the nanofillers were adequately dispersed in PA-MWCNT2.5-CB5 

and so that, PA-MWCNT2.5-CB5 revealed the highest electrical conductivity amongst all the 

manufactured nanocomposites filled with CBs, MWCNTs or combination of MWCNTs and CBs.  
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Figure 3-12- Electrical conductivity of the nanocomposites versus nanofillers mass concentration 

(MWCNT:CB) [59] 

  
(a) (b) 

Figure 3-13- TEM images of (a) PA-MWCNT1.7-CB3.3 and (b) PA-MWCNT2.5-CB5 [59] 

Moreover, the MFI values of all the six produced nanocomposites having MWCNT:CB is 

demonstrated in Figure 3-14. The higher quantity of the mixed nanofillers led to the lower MFI 

values. Also, the MFI results were compared to the MFI values of the nanocomposites contained 

only one kind of nanofillers (MWCNT or CB) in their compositions and it was suggested that 

badly performed viscosity was diminished as a result of the synergy effects between carbon 

nanofillers.  

MWCNT agglomerates 

CB agglomerates 

MWCNT 

CB 
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Figure 3-14- Melt flow index values of the PA6,6-based nanocomposites with MWCNT:CB [59] 

In the following, CB was substituted with KB using the same mass concentration of three most 

conductive nanocomposites. Consequently, a set of three nanocomposites was prepared with 

MWCNT and KB (PA-MWCNT2.6-KB*2.6, PA-MWCNT2.5–KB*5 and PA-MWCNT2–KB* 

7.8) as given in Table 3-1.   

The idea of replacing CB with KB in the nanocomposites was to investigate the influence of the 

surface area of the conductive additive on the electrical conductivity due to the fact that the 

surface area of KB* is four times greater than the surface area of CB.  

The electrical conductivity of six nanocomposites contained MWCNT:KB or MWCNT:CB is 

illustrated in Figure 3-15. The higher electrical conductivity was witnessed for the 

nanocomposites with MWCNT and KB compared to the ones with MWCNT and CB while all 

other parameters kept constant (unchanged). This increase was correlated to the higher surface 

area of KB in comparison with the surface area of CB and therefore, PA-MWCNT2–KB*7.8 

showed the highest electrical conductivity followed by PA-MWCNT2.5–KB*5 among the 

nanocomposites samples.   

Moreover, the MFI values of the six manufactured nanocomposites with MWCNT:CB and 

MWCNT:KB are represented in Figure 3-16.  
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As discussed earlier, the viscosity of CPCs plays a major role in the extrusion process. Hence, 

PA-MWCNT2-KB*7.8 cannot be considered for the monofilament making process with melt 

mixing method because the MFI value of this nanocomposite was zero. 

In other words, the high viscosity of the nanocomposite with a high content of KB (PA-

MWCNT2-KB*7.8) made it incompatible with melt mixing process despite the fact that the 

electrical conductivity was comparatively high compared to the one contained the same quantity 

of CB and MWCNT. 

 

Figure 3-15- Electrical conductivity versus nanofillers concentration (MWCNT:CB and 

MWCNT:KB) [59] 
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Figure 3-16- Melt flow index values of the PA6,6/MWCNT:CB and PA6,6/MWCNT:KB 

nanocomposites [59] 

 Mechanical properties of the monofilaments for fabric manufacturing 

 Measurement method  

Tensile test of two candidate monofilaments for fabric manufacturing was implemented using 

Tinius Olsen H5KT Benchtop tensile tester (ISO 2062) at 20-25◦C, 65 RH%. The sample length 

for the tensile test was fixed at 100 mm and the speed of traction was 50 mm/min. It should be 

mentioned that the tensile test was carried out for 5 specimens of each monofilament and the 

mean value was calculated. The device during tensile test of one of the monofilament samples is 

represented in Figure 3-17.  
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Figure 3-17- Tinius Olsen H5KT Benchtop tensile tester 

 The mechanical properties  

Two candidates were preferred among all the produced conductive polymer nanocomposites for 

monofilament producing with the aim of applying in woven fabric manufacturing regarding the 

electrical conductivity and MFI values. PA-MWCNT2.5-CB5 showed the highest electrical 

conductivity (0.2 S/m) among all the produced CPCs containing MWCNT and CB. In addition, 

the viscosity (MFI value) of PA-MWCNT2.5-CB5 was acceptable for melt mixing method. As a 

result, this nanocomposite (PA-MWCNT2.5-CB5) was selected to be applied as weft conductive 

yarn for woven fabric manufacturing.  

Moreover, one of the nanocomposite samples having MWCNT and KB was nominated for woven 

fabric manufacturing (PA-MWCNT2.5–KB*5) to study the electromagnetic shielding 

effectiveness of the two developed monofilaments with the same quantity of nanofillers.  

It should be taken into consideration that the electrical conductivity of PA-MWCNT2.5–KB*5 

was (2 S/m) which was tenfold greater than the measured electrical conductivity for                    

PA-MWCNT2.5-CB. However, the MFI value of PA-MWCNT2.5–KB*5 was relatively low 

compared to PA-MWCNT2.5-CB5.  

Then, the tensile test was performed for these two developed monofilaments while the tensile test 

was implemented for 5 specimens of each monofilament and the mean values were calculated. 

The force-extension graph for two developed samples (PA-MWCNT2.5-CB5) and (PA-
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MWCNT2.5–KB*5) is shown in Figure 3-18. Also, the mechanical properties of                     

(PA-MWCNT2.5-CB5) and (PA-MWCNT2.5–KB*5) are publicized in Table 3-2.  

 

Figure 3-18- Force (N) vs extension (mm) graphs of the selected monofilaments for fabric 

manufacturing 

Table 3-2- Mechanical properties of the monofilaments for weaving [59] 

No. Property Unit 

Monofilament 

PA-MWCNT2.5–CB5 PA-MWCNT2.5–KB*5 

1. Initial diameter  mm 1.40 1.40 

2. Maximum Force N 159.6 112.1 

3. Elongation at Maximum Force delta l, mm 29.9 13 

4. Stress at Maximum Force MPa 103.5 72.8 

5. Strain at Maximum Force delta l/l0 0.3 0.13 

6. Elastic Modulus (E) GPa 2.78 2.08 

7. Modulus of Rigidity(G ) GPa 1.39 1.04 

8. Tenacity cN/Tex 8 5.6 

As stated by previous studies, the incorporation of MWCNT nanofillers in polyamide matrices 

considerably increases both the tensile strength and modulus of the polymer and makes it tougher 

and more resistant to deformation [101], [105], [218]. Also, it is been said that the incorporation 

of CB particles into the nanocomposites with MWCNTs may enhance the ductility of the 

nanocomposites [219].  

Here, the results showed that the tenacity of PA-MWCNT2.5–CB5 was bigger (8 cN/Tex) in 

comparison with the tenacity of PA-MWCNT2.5–KB*5 (5.6 cN/Tex). Also, it was suggested that 
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replacing CB with KB in the composition of the proposed nanocomposite monofilament resulted 

in a reduction in the elastic modulus from 2.78 to 2.08 GPa. Moreover, the elongation at break 

moderately was lower for PA-MWCNT2.5–KB*5 (13 mm) in comparison with MWCNT2.5–

CB5 (~30 mm) indicating that the nanocomposite monofilament became brittle using KB in the 

nanocomposite structure. Therefore, it was concluded that using KB in the CPC monofilament 

composition (PA-MWCNT2.5–KB*5) caused poorer mechanical properties in comparison with 

the nanocomposite containing PA6,6, MWCNT, and CB (PA-MWCNT2.5–CB5).  

3.5  Fabric manufacturing using developed monofilaments 

 Materials  

The following yarns were applied for woven fabric manufacturing in this chapter: 

 PA-MWCNT2.5–CB5 monofilament 

 PA-MWCNT2.5–KB*5 monofilament 

 Cotton yarns (Nm 20/2), two-ply cotton yarn is composed of two single strands and metric 

number (Nm) specifies the number of one thousand meters of yarn per kilogram.   

 Silver multifilament (Nm 9.26, 10×0.04mm) supplied by Elektrisola company in Germany. 

This multifilament yarn is low electrical resistance and high corrosion resistance (the 

conductivity 62.5×106 S/m, tensile strength 220 MPa, maximum elongation 40%).  

An image of the developed conductive monofilament (PA-MWCNT2.5–CB5) is shown in 

Figure 3-19.  

 

Figure 3-19- The produced conductive monofilament for weft insertion in weaving process [59] 
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 Woven fabric design and manufacturing  

A compound woven structure was designed (compact two-ply weave structure with stuffer weft) 

when the developed monofilaments were introduced as stuffer wefts in the middle of the designed 

woven structure. The designed structure consists of two warp yarn systems and three weft yarn 

systems as depicted in Figure 3-20. 

 

Figure 3-20- Designed structure of compact two-ply woven fabric with conductive monofilament 

as stuffer weft [59] 

ARM AG CH-3507 Biglen weaving loom manufactured in Switzerland was applied for weaving 

all the woven samples in Chapter 3 where conductive monofilaments (PA-MWCNT2.5–CB5 or 

PA-MWCNT2.5–KB*5) were applied as stuffer wefts in the middle of the woven structure as 

specified in Figure 3-20.  

Two weft and two warp yarn systems made the outer layers with plain weave structure (face and 

back) of the woven fabric. The conductive monofilaments were introduced in the middle of the 

structure as stuffer wefts in weft direction. 

It is noted that stuffer yarns are straight yarns inserted in the middle of compound woven fabrics. 

The reason for inserting conductive monofilaments as stuffer yarns was to provide the possibility 

of introducing common textile yarns on the exterior faces of the manufactured woven fabric. 

Thus, a variety of textile yarns and colours can be used for the outer faces of the woven structure 

since the ultimate application of the produced fabric is for personal protective clothing and the 

design and colour would be of great importance for the wearer.  

Conductive monofilament as stuffer weft 

Cotton weft  

Cotton weft  

Cotton warps  
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The structural characteristics of the two manufactured woven samples (Sample 1 and Sample 2) 

are described in Table 3-3. Also, an image of the manufactured woven sample using conductive 

monofilaments is shown in Figure 3-21. 

Table 3-3- Structural characteristics of compact two-ply woven samples (Sample 1 and Sample 2) 

with monofilaments as stuffer wefts 

No. Fabric characteristics Unit 

Sample code  

Sample 1 Sample 2 

1. Thickness  mm 3.37 3.66 

2. Arial density  g/cm2 0.136 0.155 

3. Porosity  % 72.5 71 

4. Material Warp Face  Cotton Cotton 

 Back  Cotton Cotton 

 

 

Weft  Face  Cotton Cotton 

 Stuffer  PA-MWCNT2.5-CB5 PA-MWCNT2.5-KB*5 

 Back  Cotton Cotton 

5. Yarn diameter  Warp  Face mm 0.42 0.42 

 Back 0.42 0.42 

 Weft  Face 0.42 0.42 

 Stuffer 1.40 1.40 

 Back 0.42 0.42 

6. Yarn density  Warp  Face yarns/cm 15 15 

 Back 15 15 

 Weft  Face 8 8 

 Stuffer 4 4 

 Back 8 8 
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Figure 3-21- Image of Sample 1 (Cotton woven fabric with embedded conductive 

monofilaments) [59] 

Additionally, another woven sample (Sample 3) was designed and weaved using PA-

MWCNT2.5–CB5 monofilaments as conductive wefts and cotton yarns as warps. This sample 

was introduced as a 24-shaft satin mixed with plain with the weft ratio of 4:2 (4PA-MWCNT2.5–

CB5 monofilaments: 2 cotton yarns). A graphic representation of Sample 3 is shown in 

Figure 3-22. Also, the structural characteristics of Sample 3 are revealed in Table 3-4. 

 

Figure 3-22- Graphic representation of Sample 3 with PA-MWCNT2.5-CB5 as conductive weft 

 

 

Conductive monofilament as weft 

Cotton staple yarn as weft 

Cotton staple yarn as warp 
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Table 3-4- Structural characteristics of Sample 3 

   Sample code 

No. Fabric characteristics Unit Sample 3 

1. Thickness mm 3.54 

2. Arial density g/cm2 0.189 

3. Porosity % 64.7 

4. Material Warp   Cotton 

    

 Weft Satin PA-MWCNT2.5-CB5 

  Plain Cotton 

5. Yarn diameter Warp  mm  0.42 

     

 Weft Satin  1.40 

  Plain 0.42 

6. Yarn density Warp  yarns/cm 15 

    

 Weft  Satin 5 

  Plain 4 

Sample 3 was designed and weaved in order to increase the yarn density of the conductive 

monofilament in weft direction compared to Sample 1 using the same monofilament (PA-

MWCNT2.5-CB5). Also, the contact between the monofilament yarns was ensured using satin 

weave structure for conductive wefts in Sample 3.  

A repeat of plain weave structure with cotton yarns was mixed with satin weave structure using 

PA-MWCNT2.5-CB5 as conductive wefts (weft ratio of 4 monofilaments: 2 cotton yarns) to 

increase the stability of Sample 3. In point of fact, the inclusion of cotton yarns in weft direction 

using plain weave structure resulted in fixing the monofilaments in the structure of Sample 3.  

An image of the produced sample (Sample 3) is represented in Figure 3-23.  
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Figure 3-23- Sample 3 with PA-MWCNT2.5–CB5 as conductive weft 

 Supplementary woven fabrics 

First, an adaptive head was installed on the extrusion device to add silver multifilament as core to 

the extruded PA6,6. A schematic of the adaptive head on co-rotating twin-screw extruder 

ThermoHaake for addition of the silver multifilament to the extruded PA6,6 is shown in 

Figure 3-24. It should be noted that the same silver multifilament was applied in Chapter 2 and 

Chapter 3 of this thesis for different EMSE fabric manufacturing.  

The idea of making a core-sheath yarn was to use silver multifilament for shielding properties 

while the conductive multifilament was protected using PA6,6 as cover. The main reason was to 

avoid metal exposure to the air to preserve the metal from oxidation. Also, metal touching with 

the skin of the wearer during use would be prevented, as metals potentially cause skin allergies 

for the wearer. Furthermore, it should be taken into account that the electrical conductivity of the 

employed polymer (PA6,6) as the sheath of the yarn is nearly 3.4×10-14 S/m [220] indicating that 

the PA6,6 has no contribution to the EMSE behaviour of the manufactured fabrics.  

The diameter of the silver multifilament was 0.12 mm and the diameter of the adaptive head was 

1 mm. So that, the diameter of the final silver multifilament coated with PA6,6 was 1 mm.  

Then, the developed core-sheath yarn was applied as stuffer wefts in Sample 4 weaved with 

compact two-ply woven structure shown in Figure 3-20. Also, both silver multifilament coated 

with PA6,6 and PA-MWCNT2.5–CB5 were applied parallel to each other in the woven fabric as 

stuffer wefts (Sample 5).  
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Figure 3-24- Schematic of adaptive head on the co-rotating twin-screw extruder ThermoHaake 

for addition of silver multifilament as core to extruded PA6,6 

Moreover, the images of the core-sheath yarn of silver multifilament coated with PA6,6, Sample 

4 with core-sheath yarn as conductive stuffer weft, and Sample 5 using both core-sheath yarn and 

PA-MWCNT2.5–CB5 monofilament as conductive stuffer wefts are shown in Figure 3-25(a, b 

and c), respectively. Also, the structural characteristics of Sample 4 and Sample 5 are listed in 

Table 3-5.  

   
(a) (b) (c) 

Figure 3-25- (a) Silver multifilament coated with PA6,6, (b) Sample 4 with silver multifilament 

coated with PA6,6 as conductive yarn and (c) Sample 5 with both silver multifilament coated 

with PA6,6 and PA-MWCNT2.5–CB5 as conductive yarns 
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Table 3-5- Structural characteristics of Sample 4 and Sample 5 

No. Fabric characteristics Unit 

Sample Code 

Sample 4 Sample 5 

1. Thickness mm 2.8 3.65 

2. Arial density g/cm2 0.153 0.197 

3. Porosity % 74.1 73.8 

4. Material Warp Face  Cotton Cotton 

 Back  Cotton Cotton 

 Weft Face  Cotton Cotton 

 Stuffer 
 

Silver multifilament 

coated with PA6,6 

PA-MWCNT2.5-CB5 

 

 

Silver multifilament 

coated with PA6,6 

 Back  Cotton Cotton 

5. Yarn diameter Warp Face mm 0.42 0.42 

 Back  0.42 0.42 

 Weft Face  0.42 0.42 

 
Stuffer 

 
1.00 

1.40 

  1.00 

 Back  0.42 0.42 

6. Yarn density  Warp Face (yarns/cm) 15 15 

 Back  15 15 

 Weft Face  8 8 

 
Stuffer 

 
4 

4 

  4 

 Back  8 8 

3.6 3D printing of the developed monofilament on textiles 

 Materials  

 PA-MWCNT2.5–CB5 monofilament 

 Pure cotton woven fabric with plain weave structure (with the areal density of 0.03 g/cm2 and 

the fabric thickness of 0.38 mm) 

 3D printing on fabrics  

Electrical conductive materials are attached to textiles using different methods such as the 

incorporation of conductive yarns into the fabric or mounting electronic components (e.g. 
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sensors) on the surface of the fabric in order to develop smart textiles. However, the functional 

material in modified textiles may influence the flexibility and drapability of the fabric.  

3D printing method using fused deposition modeling (FDM) is one of the popular methods which 

makes it possible to deposit thermoplastic functional polymers or nanocomposites on the surface 

of fabric to develop functional and smart textiles [180]. The 3D printing method is clean, easy to 

use, inexpensive, accessible, and no liquid resin or supporting material is required. Consequently, 

this method has been applied for deposition of polymers on textiles [221]. 

Therefore, in the present chapter, this method was applied for the deposition of the developed 

conductive monofilament directly on woven fabrics in order to gain the advantages of the 3D 

printing method. 

So, firstly, several CAD designs were drawn and transferred to a 3D printable format using 

Simplify3D software. Three grid structures and one solid structure were designed (Figure 3-26) 

when the dimension of all the structures was fixed to 160×160 mm2.  

 

Figure 3-26- Web structures with various grid sizes and the solid structure for 3D printing 

Two-head Volumic Stream 3D printer supplied in France was applied while the maximum 

printing size of the printer was 300×210×300 mm3 with the nozzle diameter of 0.4 mm. The 

developed conductive monofilament (PA-MWCNT2.5-CB5) was printed on the surface of the 

pure cotton woven fabric with plain weave structure. For this purpose, plain woven fabric made 

of cotton was longitudinally positioned on the 3D printer platform in warp direction. 

This conductive monofilament (PA-MWCNT2.5-CB5) was chosen for 3D printing layers on the 

surface of the fabric due to its high electrical conductivity amongst all the produced CPCs with 

PA6,6, MWCNT, and CB. Also, the monofilaments having the combination of KB and MWCNT 

in the polymer matrix were not appropriate for 3D printing layers on the surface of the fabric due 

to the lamination of each printed layer of the nanocomposite on the surface of the fabric during 

printing as well as the unevenness of the CPCs through the length of the monofilaments.  
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Then, PA-MWCNT2.5–CB5 monofilament was 3D printed on the surface of the fabric using four 

different design structures. The parameters of the 3D printing parameters are listed in Table 3-6. 

Also, images of the positioned fabric on the platform of the 3D printer and the FDM printing of 

PA-MWCNT2.5–CB5 monofilament on the fabric are represented in Figure 3-27. 

In addition, the electrical conductivity of the solid structure printed layer with a thickness of 0.5 

mm was determined using 4-wire ohms and the conductivity was 1×10-4 S/m suggesting that the 

conductivity of the CPC was decreased up to several orders of magnitude in comparison with the 

loaded monofilament (0.2 S/m). It should be also noted that the applied 4-wire ohms method for 

electrical conductivity measurement explained in detail in Chapter 2. 

Table 3-6- Printing parameters for 3D printing of PA-MWCNT2.5-CB5 on cotton fabric 

Printing 

parameters 

Layer 

thickness 

Nozzle 

temperature 

Bed 

temperature 

Printing 

velocity 

Polymer 

flow 

Filament 

diameter 

Extrusion 

width 

Unit mm ◦C ◦C mm/s % mm mm 

Quantity 
0.1- 0.2-

0.4-0.5 
265-280 40 30 100 1.75 0.4 

 

Figure 3-27- FDM printing of PA-MWCNT2.5-CB5 monofilament on cotton fabric 

3.7 Electromagnetic shielding effectiveness of the manufactured woven fabrics  

To this point, the objective of Chapter 3 was to generate conductive monofilaments of the best 

choices of the manufactured CPCs with reference to the electrical conductivity and viscosity. In 
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addition, the selected monofilament yarns were applied in weaving process in order to make 

wearable electromagnetic shielding clothing for personal protection against radiation.  

Accordingly, two developed monofilaments (PA-MWCNT2.5–CB5 and PA-MWCNT2.5–KB*5) 

were selected owing to their electrical conductivity (~0.2 S/m for PA-MWCNT2.5–CB5 and ~ 2 

S/m for PA-MWCNT2.5–KB*5) and viscosity in order to manufacture electromagnetic shielding 

woven samples (Sample 1, Sample 2, Sample 3, and Sample 5). It should be also noted the MFI 

value of the most conductive monofilament contained PA6,6, MWCNT, and CB (PA-

MWCNT2.5–CB5) was 11.5 g/10min (at 280oC, 2.16 Kg load) which is in the acceptable range 

for melt mixing method (10-35 g/10min).  

On the other hand, Sample 4 was weaved using silver multifilament coated with PA6,6 as stuffer 

conductive weft yarn using the compact two-ply weave structure.  

Moreover, PA-MWCNT2.5–CB5 was printed on the surface of the cotton woven fabric using 

four different designed structures in an attempt to advance the EMSE of the common woven 

fabric made of cotton.  

Therefore, the EMSE of all the developed fabrics had to be measured to find out the suitable 

choices for personal protection against radiation.  

 Mode-stirrer chamber setup for the EMSE measurements 

As discussed in Chapter 1, an anechoic chamber with a cut-out portion has been used by many 

studies for EMSE measurements of fabrics. Also, the EMSE of the produced woven fabrics in 

Chapter 2 was evaluated in an anechoic chamber at the frequency range of 1-6 GHz. 

However, such EMSE measurements were dependent on the wave polarization and were unable 

to evaluate the shielding effectiveness of the fabrics in a realistic electromagnetic environment. 

As a result, in this chapter, an electromagnetic reverberation chamber (mode-stirred chamber) 

was hired to measure the EMSE of the developed woven samples. This apparatus allows 

assessing the EMSE of the fabrics in a realistic electromagnetic environment where the wave 

polarization cannot be controlled.  

A simple schematic of the mode-stirred chamber for EMSE measurements based on IEC61000-4-

21 standard used in this chapter is displayed in Figure 3-28 [222].  
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Figure 3-28- Schematic of the mode-stirred chamber for shielding effectiveness measurement 

[59] 

It is noted that all the wave polarizations were deliberated for the measurement owing to the 

stirrer. In fact, the stirrer was rotated from  = 0 to  = 360 degrees (one complete turn) by steps 

of 4 degrees where PS () and PREF () were recognized by receiving antenna. The average values 

of PS and PREF incorporated over all the measurements were measured to compute the EMSE 

using equation (25). 

EMSE(dB) = 10log10 (
PREF

PS
)         (25) 

The mode stirred chamber including the stirrer, emitting antenna and metallic closed box with 

and without fabric sample used in the present chapter is demonstrated in Figure 3-29.  

Stirrer 
Emitting antenna 

 

Window 

(Sample) 

Metal box 

Receiving antenna 
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Figure 3-29- The utilized mode-stirred chamber for EMSE measurement 

A two-layered sample was presented in front of the window of the metallic box for the 

measurement. Two pieces of each woven sample were placed at right angles to each other in an 

attempt to have conductive monofilaments in both vertical and horizontal directions and the 

EMSE was measured at the frequency range of 1-10 GHz. 

As a matter of fact, the application of the produced woven fabrics was to shield the human body 

against the electromagnetic waves existing in the living environment. So, the manufactured 

fabrics were classified as EMSE fabrics for general use as specified in Table 3-7 [223].  

It should be also mentioned that the electromagnetic wave polarizations cannot be controlled in 

the human living environment. Therefore, the mode-stirrer chamber was chosen for EMSE 

measurements in Chapter 3 for the reason that the EMSE measurement in a reverberation 

chamber (mode-stirred chamber) gives a realistic shielding of the manufactured fabrics in 

comparison with other EMSE measurement methods. 
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Table 3-7- Performance specifications of electromagnetic shielding textiles [223] 

Grade 
5 

Excellent 

4 

Very good 

3 

Good 

2 

Moderate 

1 

Fair 

Percentage of 

electromagnetic 

shielding  

SE>99.9% 99.9%≥SE>99% 99%≥SE>90% 90%≥SE>80% 80%≥SE>70% 

Shielding 

effectiveness (SE*) 

in general use 

SE>30dB 30dB≥SE>20dB 20dB≥SE>10dB 10dB≥SE>7dB 7dB≥SE>5dB 

*SE is the abbreviation for shielding effectiveness with the same meaning of electromagnetic shielding effectiveness 

(EMSE) used in the text 

 The EMSE results and discussion 

 The EMSE results of Sample 1 and Sample 2  

The EMSE of two compound woven samples with conductive monofilaments as stuffer weft 

yarns (PA-MWCNT2.5-CB5 for Sample 1 and PA-MWCNT2.5-KB*5 for Sample 2) was 

evaluated in the frequency range of 1-10 GHz in a mode-stirred chamber.  

The EMSE of Sample 1 and Sample 2 together with the average curves of the EMSE are 

illustrated in Figure 3-30. It should be noted that the results of these two woven samples are 

presented in Figure 3-30 to compare the effects of the formulation of nanocomposites (PA-

MWCNT2.5-CB5 for Sample 1 and PA-MWCNT2.5-KB*5 Sample 2) on the EMSE.  

As specified earlier in Chapter 3, two monofilaments were selected for fabric manufacturing as a 

result of the higher electrical conductivity and reasonable viscosity among all the developed 

CPCs. These two factors made the aforesaid monofilaments applicable for yarn making process 

by melt mixing method.  

The scattered EMSE data can be described by determinate numbers of measurements where the 

stirrer was rotated by steps of 4 degrees and the EMSE was computed by the average of 90 

measurements. Therefore, the intervals had to be narrowed for data scattering reduction which 

resulted in additional numbers of measurements. Nonetheless, the average value of the EMSE at 

each frequency was reflected as the EMSE level of each sample at that frequency.  

It should be taken into consideration that the average values were not meaningfully affected by 

increasing the number of measurements and so, the number of measurements retained 90 for all 

the samples. Also, the close-fitting curve was drawn for the EMSE results of each woven sample 

to simplify tracing the results over the frequency range of 1-10 GHz.  
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Figure 3-30- The EMSE of Sample 1 and Sample 2 with conductive monofilaments as stuffer 

wefts in the frequency band of 1-10 GHz [59] 

The EMSE of Sample 2 was 16 dB at the frequency of 1 GHz while the EMSE was marginally 

reduced to 13 dB at the frequency of 10 GHz. The results showed the EMSE value of 15.5 dB for 

sample 2 in the frequency between 1.8 GHz and 2.4 GHz while the EMSE value of sample 2 was 

14 dB at the frequency of 5.8 GHz. It is noted that the frequency of 1.8 GHz corresponds to the 

frequency for mobile applications and 2.4 GHz and 5.8 GHz correspond to the ISM bands in 

Europe [214]. Moreover, the average value of the EMSE of Sample 1 was greater than 10 dB in 

the frequency range of 1-10 GHz.  

Comparing the EMSE results of Sample 1 and Sample 2, Sample 2 with PA-MWCNT2.5-KB*5 

monofilament as conductive stuffer weft showed higher EMSE in comparison with sample 1 with 

PA-MWCNT2.5-CB5 monofilament as conductive stuffer weft. The EMSE difference between 

Sample 2 and Sample 1 was correlated to the tenfold bigger electrical conductivity of PA-

MWCNT2.5-KB*5 compared to the electrical conductivity of PA-MWCNT2.5-CB5. 

Furthermore, it was suggested that these two compact woven samples using the selected 

monofilaments were suitable for personal protection clothing against existing radiation in the 

human living environments based on the EMSE grades for general use as given in Table 3-7.  
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 The EMSE results of Sample 3 

The EMSE results of Sample 1 and Sample 3 are presented in Figure 3-31 for the frequency band 

of 1-10 GHz measured in the mode-stirred chamber with the intention of comparing the EMSE 

results of two samples weaved with PA-MWCNT2.5-CB5 as conductive wefts.  

As shown in Figure 3-31, the EMSE of Sample 3 was higher than the EMSE of Sample1 in the 

frequency range of 1-10 GHz although the same conductive monofilament (PA-MWCNT2.5-

CB5) was employed to weave both Sample 1 and Sample 3.   

 
Figure 3-31- The EMSE of  Sample 1, Sample 3, Sample 4, and Sample 5 in the frequency band 

of 1-10 GHz 

Sample 3 was weaved using a simple 2D weave structure in order to ensure the continuity 

between the conductive monofilaments in the woven structure. Also, the conductive 

monofilament yarns density was increased in Sample 3 (5 yarns/cm) in comparison with Sample 

1 (4 yarns/density) thanks to employing a simple woven structure for Sample 3.  

Consequently, the EMSE of Sample 3 was nearly 15 dB in the frequency band of 1-10 GHz while 

the EMSE of Sample 1 weaved with the same conductive monofilament was around 11 dB. In 

other words, the EMSE of Sample 3 was approximately 40% higher than the EMSE of Sample 1 

by only changing the weave structure which led to greater yarn density of the conductive 

monofilaments together with added contact points between the conductive yarns.  
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Also, the EMSE results of Sample 2 and Sample 3 were closely comparable. Thus, it was 

suggested that the EMSE of Sample 3 was improved by changing the weave structure using a 

more approachable monofilament for melt mixing method (PA-MWCNT2.5-CB5) as opposed to 

using a monofilament with higher conductivity and lower MFI value (PA-MWCNT2.5-KB*5).  

 The EMSE results of Sample 4 and Sample 5  

As explained in section 3.5.3, Sample 4 was manufactured using silver multifilament coated with 

PA6,6 as stuffer wefts using the compound woven structure given in Figure 3-20. Also, Sample 5 

was produced using both silver multifilament coated with PA6,6 and PA-MWCNT2.5-CB5 as 

stuffer wefts where these two conductive yarns were inserted next to each other in the compact 

two-ply woven fabric structure.  

In other words, Sample 4 was produced with silver multifilament yarns where the metal was 

protected from potential oxidation and skin touch with the wearer using PA6,6 on the outer 

sheath of the yarn. Also, Sample 5 was produced with two different conductive yarns having 

metal and CPC monofilament as conductive components in order to study the effects of the 

synergy between metal and developed conductive monofilament yarns with MWCNT and CB on 

the EMSE.   

Hence, the EMSE of Sample 4 and Sample 5 were evaluated in the mode-stirred chamber at the 

frequency range of 1-10 GHz. The results showed that the EMSE of Sample 4 was in the range of 

(17-25 dB) while the EMSE of Sample 5 was between 19 and 35 dB as displayed in Figure 3-31.  

The EMSE results of Sample 5 revealed that using both conductive yarns in one direction as 

conductive wefts led to higher EMSE level in comparison with the EMSE of Sample 4 with only 

metal monofilament coated with PA6,6 in its structure (35 dB vs 25 dB). The reason was 

correlated to the higher quantity of the conductive materials of Sample 5 compared to Sample 4.  

In other words, supplementary PA-MWCNT2.5–CB5 monofilaments in Sample 5 (4 yarns/cm) 

compared to Sample 4 led to 10 dB greater attenuation of Sample 5 where the EMSE difference 

of Sample 4 and Sample 5 was comparable to the EMSE of Sample 1 with PA-MWCNT2.5–CB5 

(Figure 3-31).  

In few words, adding another conductive yarn (PA-MWCNT2.5–CB5) to the woven structure 

played a significant role in increasing the EMSE of Sample 5 while the fabric structure was kept 

the same for Sample 4 and Sample 5. Also, it should be noted that both Sample 4 and Sample 5 
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were protective enough to be applied for EMSE applications for personal protection against 

radiation.  

 The EMSE results of cotton fabrics with the conductive  printed layers 

As specified in section 3.6, PA-MWCNT2.5-CB5 monofilament was used as the conductive 

material to be printed on the surface of cotton woven fabric with four different structures (three 

grid structures and one solid structure) given in Figure 3-26.  

The EMSE of the cotton woven fabric with printed layers of PA-MWCNT2.5-CB5 on its surface 

was measured in the mode-stirred chamber at the frequency range of 1-10 GHz. The EMSE 

results showed that printing the PA-MWCNT2.5-CB5 monofilament as the conductive 

component on the surface of the cotton fabric did not lead to shielding behavior of the cotton 

fabric. In addition, no EMSE upward was perceived for the printed fabrics with PA-MWCNT2.5-

CB5 although the thickness of the conductive layer was increased from 0.1 mm to 0.5 mm. 

The reason can be correlated to the dilution of the conductive monofilament during 3D printing 

on the surface of fabrics which leads to a reduction in the electrical conductivity of the printed 

layer. This phenomenon was firstly identified in former studies [180]. It has been said that the 

electrical conductivity decreased because of the changes in the pathways of the conductive 

network (nanofiller network) during 3D printing process as a result of the diameter difference of 

the loaded monofilament and the extruded monofilaments from the 3D printer.  

Also, the measured electrical conductivity of the printed layers in Chapter 3 was relatively low 

(1×10-4 S/m) which confirmed the results of the former studies. Moreover, as discussed earlier, a 

level of electrical conductivity is required to enhance the EMSE properties in the textile fabrics 

using conductive nanocomposites CPCs.  

In brief, it was suggested that the 3D printing of the developed conductive monofilament with 

MWCNT and CB was impracticable for the EMSE enhancement of the fabric for personal 

protection.  

3.8 Summary  

This chapter ensured two objectives; the first purpose was to enhance the electrical conductivity 

in a polymer matrix by the inclusion of carbon conductive nanofillers by melt mixing method and 

the second purpose was to make a shielding fabric using the developed polymer-based conductive 
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nanocomposite to decline the drawbacks of the traditional electromagnetic shielding textile 

products. 

First, a mix of multiwall carbon nanotube and carbon black were added to the polymer matrix in 

order to study the synergy effects of carbon nanofillers on the electrical conductivity. The 

electrical conductivity was increased thanks to the synergism of carbon nanofillers while the 

difficulties caused by high viscosity were weakened. Accordingly, 1.7 wt.% of MWCNT and 3.3 

wt.% of CB (1MWCNT:2CB) were used to make a PA6,6-based nanocomposite at electrical 

percolation threshold. It should be noted that the electrical conductivity of the nanocomposites 

with 1.7 wt.% of MWCNT and 3.3 wt.% of CB was higher than the PA6,6-based nanocomposite 

having 20 wt.% of CB and the same as the nanocomposite with 3 wt.% of MWCNT. 

In brief, the synergy effects between multiwall carbon nanotube and carbon black had a positive 

influence on conductive network development in the nanocomposite which resulted in improved 

electrical conductivity as well as acceptable viscosity for extrusion. Also, it should be noted that 

the developed polymer-based monofilament was lightweight, corrosion-resistant and the 

manufacturing process was very well established and these characteristics made it a suitable 

candidate for EMSE clothing with the aim of personal protection. 

In the second phase, the nominated conductive monofilaments ((PA-MWCNT2.5–CB5 and PA-

MWCNT2.5–KB*5) were applied in the weaving process so as to manufacture shield fabrics for 

wearable personal protection. The results showed that the EMSE of the woven samples (Sample 1 

and Sample 2) using the conductive monofilaments as stuffer wefts in the middle of the structure 

was promising (EMSE≥10 dB). 

Furthermore, Sample 3 was weaved using PA-MWCNT2.5-CB5 monofilaments in a simple 

woven structure to increase the quantity of the conductive component in cooperation with 

ensuring the continuity between the monofilaments compared to Sample 1 and Sample 2. The 

EMSE of Sample 3 increased compared to Sample 1 weaved with the same conductive 

monofilament while the EMSE of Sample 2 and Sample 3 were nearly the same. So, it was 

suggested that the EMSE of the woven fabrics can be improved by changing the weave structure.  

Also, Sample 4 was weaved with silver multifilament coated with PA6,6 and Sample 5 was 

weaved with both silver multifilament coated with PA6,6 and PA-MWCNT2.5–CB5 as stuffer 

wefts and the higher EMSE of Sample 5 was perceived because of the presence of PA-

MWCNT2.5–CB5 monofilaments where the EMSE difference of Sample 4 and Sample 5 was 
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equivalent to the EMSE of Sample 1. It is attributed to the fact that the only difference between 

Sample 4 and Sample 5 was using PA-MWCNT2.5–CB5 monofilament (with the same quantity 

applied in Sample 1) in cooperation with core-sheath conductive weft in Sample 5 while Sample 

1 was weaved with only PA-MWCNT2.5–CB5 monofilaments as conductive wefts. 

It should be mentioned that Sample 1, Sample 2, and Sample 3 weaved using the developed 

nanocomposite monofilaments were suggested in Chapter 3 for the wearable personal protection 

devices against the electromagnetic waves (EMSE values of 10-16 dB) existing in the human 

living environment. Moreover, the two other woven samples (Sample 4 and Sample 5) were 

developed with the potential of the wearable application where the higher attenuation is required.   

Furthermore, no shielding was detected for cotton fabric with 3D printed layers of PA-

MWCNT2.5–CB5 in the frequency range of 1-10 GHz despite the fact that the thickness of the 

printed conductive layer was increased to 0.5 mm. Hence, it was suggested that the 3D printing of 

the conductive monofilament was not capable for shielding application. However, it is 

recommended to increase the quantity of the conductive nanofillers in nanocomposites together 

with improving the structural design and the continuity of the conductive layer in order to 

enhance the EMSE of textiles using the 3D printing method in the future studies. 

In conclusion, the electrical conductivity was enhanced using the synergism between carbon 

nanofillers where the viscosity was in the standard range for monofilament making process by 

extrusion. In addition, the EMSE of the woven fabrics made of the developed conductive 

nanocomposite was promising for personal protective clothing. In Chapter 4, one of the prepared 

shield fabrics would be considered for comfortable protective pregnancy garment design for 

personal protection against radiation.   
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4 Chapter 4: Virtual mannequin simulation for electromagnetic 

shielding maternity garment design 

This chapter discusses the development of a 3D virtual mannequin for pregnancy period using a 

parametric graphical method for protective garment design against radiation. First, the body 

evolution of a pregnant woman was investigated and 3D adaptive mannequin model was made 

based on weight changes during pregnancy while the developed model was validated by 

investigating the body changes of another pregnant woman.  

In the second phase, a garment block pattern was virtually designed using the developed 

mannequin. The garment block pattern was designed in a way to have a suitable fit on the virtual 

adaptive mannequin by allocating darts and seams to the 3D designed pattern. It should be taken 

into account that the designed garment block pattern is applicable for protective garment 

manufacturing using the EMSE woven fabric produced in Chapter 3. 

4.1 The 3D virtual mannequin design process  

Although pregnancy mannequins are mass-produced by different companies, those mannequins 

are usually incapable to indicate detailed body evolution of pregnant women. In fact, available 

commercial pregnancy mannequins are unfitting for every individual pregnant woman due to the 

fact that those mannequins are manufactured using standard sizes. Additionally, the choices of 

changing the height or abdomen line of the mannequin were integrated by several companies 

although these possibilities are limited. 

To sum up, satisfactory mannequins of pregnant women are not supplied for close-fitting 

garments design of the pregnancy period. Thus, it is necessary to make an applicable mannequin 

to design a well-fitted shielding garment for maternity period.  

A methodology framework was suggested in this chapter for garment block pattern making for 

pregnant women with the purpose of resolving the complications of pregnant morphology 

analysis for garment design. This methodology framework is illustrated in Figure 4-1. As can be 

seen, the first step was to develop a 3D virtual mannequin for pregnancy length which would be 

discussed in the following.   
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Figure 4-1- The general schemes of garment block pattern design process [224]  

Start 

Adaptive 3D virtual mannequin development for pregnant women 

 based on weight gain during pregnancy  

Data collection of Subject 1(second trimester of pregnancy) by a 3D scanner 

Analysis, modelling of body evolution and virtual mannequin development 

  for Subject 1(torso area during second trimester) 

Virtual mannequin approximation for whole maternity length based on  

weight gain (Subject 1) 

 
Validation of the proposed model by data collection (third trimester) and  

morphology analysis of the second pregnant woman (Subject 2) 

 

Garment block pattern development for one of the pregnant women (Subject 2) 

Placing various characteristics lines and curves on the body  

considering ease allowance for Subject 2 

3D Surface development of torso area for Subject 2  

using the characteristics lines and curves  

3D virtual sewing and fitting of the block pattern on the body (Subject 2) 

End 

Allocating anthropometric feature points to the virtual mannequin of torso 

 (Subject 2) 

Flattering of the 3D surface of the block pattern (Subject 2) 
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 Computer-aided design tools 

The general scheme of the garment block pattern design process is shown in Figure 4-2. The 

following software programs were used in this chapter with the intention of 3D virtual garment 

design for pregnancy period. 

 ScanWorXTM: This software has been established by Human Solution and it is used to control 

and record the data of body scanning. It should be mentioned that the attained body scan data 

from the 3D scanner is a set of points which is called as a point cloud and simulates the shape 

of the scanned body.  

 Geomagic Design X: This software has been industrialized by INUS Technology in the 

direction of 3D objects control and edit. The point clouds of the scanned data can be simulated 

using the meshing tool in the software environment so as to get a smooth surface of the body. 

In addition, the error holes shaped during scanning can be revised and filled to ensure an 

unbroken 3D form of the surface.  

 Design Concept: This software has been developed by Lectra to facilitate different geometric 

shapes sketching and representing in a 3D environment where this software provides the 

options of 3D garment prototyping and flattening corresponding 2D patterns.  

 Modaris: This software has been developed by Lectra which is practical for 2D garment 

patterns making and corrections. Also, the 3D virtual try-on process is provided in this 

software where the characteristics of the fabrics for the required design can be modeled in the 

try-on process.  

 Data collection  

Every three sequential months of pregnancy period are termed as a trimester and accordingly, 

three trimesters of pregnancy period are listed in Table 4-1. 

The whole body of the first pregnant woman (Subject 1) was scanned between 16th and 26th 

weeks of pregnancy length. Hence, the body morphology data of each week was collected and 

saved during the second trimester of her pregnancy.  

It should be noted that the pregnant woman has been scanned using 3D Scan Tecmath supplied 

by Human Solution while she was dressed in her underwear. She had to stand in a predefined 

position in the area of the accessibility of the lasers during scanning. After that, the scanner data 

was transferred to ScanworXTM software supplied by Human Solution while the data was 

digitized by this software.  
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Next, the body changes of Subject 1 were studied week by week to analyze the body evolution of 

Subject 1 throughout the second trimester of her pregnancy. It should be taken into account that 

morphology analysis was limited to the second trimester due to the fact that Subject 1 has been 

uniquely available for body scanning between the 16th and 26th weeks of her pregnancy.  

In addition, it is noted that the final application of the designed garment was to protect both 

mother and fetus against the harmful effects of electromagnetic waves and accordingly, this 

chapter was focused on the morphology study and garment making for torso area of the pregnant 

women [1], [3], [4].   

The attained scanned data had to be transformed in a format so as to make a surface of the 

pregnant body that was readable by most CAD (computer-aided design) systems. So, the scanned 

data of Subject 1 was introduced into Geomagic Design X software in order to reconstruct the 

modified parts at the time of scanning and to smooth the surface of the scanned body.  

All the meshes were merged, repositioned and cleaned in Geomagic Design X software. For 

example, the scanned body of the 24th week of pregnancy is displayed before and after mesh 

modifications in the Geomagic Design X environment in Figure 4-3 (a and b). The reformed 

surfaces were transferred into Design Concept to be applied for morphology investigation. 
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Figure 4-2- The CAD pieces of software  

Table 4-1- Pregnancy trimester chart [224] 

Trimester Month Week 

1 1 1-4 

2 5-8 

3 9-13 

2 4 14-17 

5 18-21 

6 22-26 

3 7 27-30 

8 31-35 

9 36-40 
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(a) (b) 

Figure 4-3- The scanned body of Subject 1 (a) Before and (b) After improvement of meshes in 

Geomagic Design X  

 Investigation of body evolution  

All body surfaces of Subject 1 were introduced into the 3D Design Concept software 

environment for body examination. For this purpose, the body surfaces of all the weeks between 

the 16th and 26th weeks of pregnancy were individually imported into the Design Concept 

environment and the surfaces were cleaned.  

Next, the bodies were placed at a joint reference point to facilitate the body evolution 

investigation. It should be noted that all the shapes have to be in a joint reference position to 

acquire a precise visualization of body evolution. The scanned body of the 16th week of 

pregnancy was considered as the reference body. Consequently, the legs of all the weeks were 

located in the same position of the reference body. The primary and the adjusted positions of 

another scanned body (e.g. 20th week) on the reference body (16th week) are shown in 

Figure 4-4(a and b). As can be seen in Figure 4-4(b), the position of legs was correct for the 

second scanned body. 
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On the other hand, the position of the spine line for the body of the 20th week was incorrect 

(Figure 4-4(c and d)). This was correlated to the fact that the posture of the pregnant woman was 

changed for each scan in comparison to the previous and the next ones. Consequently, positions 

of the spine lines were corrected for all weeks according to the reference body in an attempt to 

have the same spine position for all the bodies. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-4- (a) The initial position of the pregnant body of 16th (magenta colour) and 20th (silver 

colour) weeks of pregnancy, (b) The body position based on the appropriate position of the legs, 

(c) and (d) The position of spine lines (Subject 1) [224] 

Then, each scanned body was equally separated into the left part and right part using the spine 

line as the reference axis and all the spine lines were extracted to be compared. For this purpose, 

the positions of spine lines were revised according to the first scanned body (16th week) in order 

to improve the analysis of body evolution.  

All the spine lines were repositioned in view of the pivot point on the crotch curve and the 

positions of under bust, belly and waist points. The positions of spine lines are illustrated in 

Figure 4-5 (a and b) before and after adjustment while the body evolution was clearly visible after 

adjustment.  
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(a) (b) 

Figure 4-5- All the spine lines (a) Before and (b) After spines corrections (Subject 1) [224] 

Afterward, the reference subject was cut toward its height direction. The formula to define the 

position of each cross-section is indicated in Table 4-2. Henceforth, the scanned body of each 

week was cut according to its particular spine line for the weeks between 16th and 20th weeks.  

As specified earlier, the morphology study was completed for torso area of the pregnant women 

for the reason that the final application of the designed garment was to protect both mother and 

fetus against the harmful effects of electromagnetic waves.  

Table 4-2- Cutting parameters [224] 

Parameter Formula 

Height  H 

Armpit 0.751×H 

Breast 0.7186×H 

Underbust 0.685×H 

Waist 0.63×H 

Belly 0.58×H 

Hip 0.51×H 

Crotch 0.458×H 
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The cutting curves for all weeks of the second trimester were pulled out to examine the body 

evolution from 16th to 26th weeks of pregnancy. In addition, the sketched curves were required for 

outlining the image of clothing which would be discussed later in this chapter. The perspective 

view of all the extracted curves is shown in Figure 4-6.  

 

Figure 4-6- Cross-section curves for the 16th–26th weeks of pregnancy (Subject 1) [224] 

The linear growth of different points at different angles with constant intervals (15◦) on the 

curves was measured to have a comprehensive visualization of body evolution. For example, the 

curves of different weeks and angular lines for waist and belly are shown in Figure 4-7. In point 

of fact, the growth of all the curves was measured at different angles considering the spine point 

on the cross-section curve as the reference point. The objective was to precisely outline the 

evolution of the body during the pregnancy period. The lengths of angular lines for waist between 

the 16th and 26th weeks of pregnancy are represented in Figure 4-8.  

Armpit 

Breast 

Underbust 

Waist 

Belly 

Hip 

Pivot point on crotch 
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                                         (a)      
 

  (b) 

Figure 4-7- Cross-section curves and angular lines with 15◦ intervals for (a) Waist and (b) Belly 

of Subject 1 

 
Figure 4-8- Waist linear changes between 16th and 26th weeks at different angles for Subject 1 

Moreover, the circumference growth of different cross-sections in torso area of Subject 1 between 

the 16th and 26th weeks of pregnancy is revealed in Figure 4-9. The growth of all the curves was 

nearly linear while the rising amounts for belly and waist were the highest among all the cross-

section curves (28% growth of waist and 18% growth of belly circumferences between 16th and 

26th weeks).  

The lengths of angular lines for all the cross-sections in torso were prepared into an Excel file and 

the total increase (16th-26th weeks) was calculated for all the curves. The sorted data in the Exel 

file was used to develop an adaptive surface of torso using a linear model of line lengths from 
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16th to 26th weeks of pregnancy period. In point of fact, a linear model was used to estimate the 

increase of the lengths of the angular lines since the circumferences of each contour (cross-

section) tended to follow a linear growth over the second period of pregnancy.  

 

Figure 4-9- Circumference growth of different cross-sections in torso for the first pregnant 

woman (Subject 1) between the 16th and 26th weeks of pregnancy [224] 

On the other hand, a different approach was employed to analyze changes in the crotch cross-

section. For this purpose, the left leg curve (crotch) of Subject 1 was reconstructed for the 16th 

week of pregnancy in order to resolve the holes initiated during the body scanning process. 

The barycentre point of the left leg was defined in the Design Concept software environment and 

it was considered as the local axis coordinate for the left leg. The primary cross-sections of the 

crotch are represented in Figure 4-10(a) and the barycentre point of the left leg (16th week) in 

crotch is shown in Figure 4-10(b). Then, the leg was duplicated regarding the spine line as the 

reference axis to generate identical curves for both the left and right legs. Finally, the adaptive 

crotch curve for Subject 1 was sketched as given in Figure 4-10(c).  

At this point, all the data was exported from the Excel file to the Design Concept environment to 

make an adaptive mannequin for torso area of Subject 1. The completed adaptive surfaces for the 

16th and 26th weeks of pregnancy are demonstrated in Figure 4-11(a and b).  
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(a) Primary cross-sections (b) Reconstructed left leg  

(16th week) 

(c) Adaptive cross-section curve 

Figure 4-10- The process of adaptive crotch reconstruction for Subject 1 

 
(a) 

 
(b) 

Figure 4-11- Surface mannequin modeling for (a)16th and (b) 26th weeks of pregnancy for 

Subject1 

 Virtual mannequin estimation based on weight gain  

The virtual mannequin was developed and verified by real data of the scanned body (Subject 1) in 

section 4.1.3 for the pregnancy weeks of 16-26 while the ultimate purpose of the present study 

Barycenter point 
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was to develop a virtual mannequin for the whole period of maternity to facilitate garment design 

for pregnant women.  

Therefore, in the following, two techniques were proposed for virtual mannequin development 

for the whole pregnancy period based on weight gain during pregnancy and the available scanned 

data.  

 Method 1 

It was suggested to evolve the virtual mannequin for the weeks before 16th and after 26th weeks of 

pregnancy based on weight gain during the period of pregnancy. As a result, the trend of weight 

gain of the pregnant woman (Subject 1) was delineated throughout her pregnancy in order to 

define the correlation between the trends of weight gain and body evolution.  

It should be taken into account that the weight of Subject 1 was 58 kg before pregnancy and 73 

kg on her delivery day. Also, as specified earlier, the evident changes of the body happen in torso 

area during pregnancy. For that reason, relating the weight gain and torso evolution during 

pregnancy instead of the evolution of the whole-body remains reasonable.  

The trend of weight gain during pregnancy has been discussed by a number of studies [201], 

[202], [225]–[227]. The anticipated weight gain graph of Subject 1 based on the proposed trend in 

the above-mentioned studies (Method 1) is represented in Figure 4-12. 

 

Figure 4-12- The weight gain graph of Subject 1 based on the proposed trend by Method 1 [224] 

Subsequently, the changes of each contour were projected based on weight gain during pregnancy 

and the cross-section curves of torso area in the second trimester. First, the gradients of the 
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weight gain curves were measured for the first, the second, and the third trimesters of pregnancy 

(Subject 1) and the ratio between these gradients was calculated.  

Then, the body evolution of the first and third pregnancy trimester was projected and the surface 

of torso was generated for the whole maternity period. Figure 4-13(a, b, and c) represents the 

virtual mannequin for 10th, 20th and 30th weeks of pregnancy formed based on the weight gain 

profile (Method 1) for Subject 1, respectively.   

 

(a) 

 

(b) 

 

(c) 

Figure 4-13- Virtual mannequins of (a) 10th, (b) 20th and (c) 30th weeks of pregnancy based on 

Method 1 on the reference body of Subject 1 

However, the simulated deformation of Subject 1 based on the proposed weight gain by Method 1 

was not coherent to the actual changes of the pregnant body (Subject 1) for both the first and the 

third trimester of pregnancy. In fact, the developed virtual mannequin has not shown the normal 

profile of torso as displayed in Figure 4-13(a and c). 
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 Method 2 

Another weight gain trend during pregnancy (Method 2) was suggested in this chapter in order to 

resolve the problems of the developed virtual mannequin associated with the trend proposed by 

the former method [202], [228]. The weight gain graph based on the proposed weight gain trend 

by Method 2 for Subject 1 is shown in Figure 4-14(solid line). 

 

Figure 4-14- The weight gain graph of Subject 1 and Subject 2 based on the proposed trend by 

Method 2 [224] 

Accordingly, the virtual mannequin for the first and third trimesters of Subject 1 was completed 

based on the weight gain suggested by Method 2 and existing data of the body evolution between 

the 16th and 26th weeks of pregnancy. It should be also taken into consideration that the weight of 

Subject 1 was regularly measured during her entire pregnancy in order to have the actual weight 

gain profile of Subject 1 and the weight gain profile of Subject 1 was nearly in accordance with 

the proposed weight gain trend by Method 2.  

Thus, the virtual mannequin of Subject 1 was made for all the maternity period as shown in           

Figure 4-15. It shows that the made virtual mannequin of Subject 1 applying the weight gain 

trend (Method 2) seemed reasonable for the whole maternity length.  
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(a) 

 
(b) 

 
(c) 

          Figure 4-15- Developed virtual mannequins of (a) 10th, (b) 20th and (c) 30th weeks of pregnancy 

based on weight gain proposed in Method 2 on the reference body of Subject 1 [224] 

 Validation of the proposed model  

Due to the fact that the trend of weight gain (Method 2) was in agreement with the actual weight 

profile of Subject 1 during her pregnancy period, Method 2 was applied to estimate the weight 

gain of Subject 2 during her pregnancy period.  

The weight gain graph based on the proposed trend by Method 2 is displayed for Subject 2 in 

Figure 4-14 (dashed line) where her weight was 47 kg before pregnancy and 60 kg on her 

delivery day. It should be noted that the actual weight profile of Subject 2 was in good agreement 

with the projected weight gain graph using the proposed trend by Method 2.  

It is also noted that the body scanning data of Subject 2 was only collected for the weeks between 

the 30th and 35th weeks of pregnancy (the third trimester) since the pregnant woman (Subject 2) 

was only presented for scanning during this period of time.  
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Consequently, first of all, the body morphology of the second pregnant woman (Subject 2) was 

analyzed between the 30th and 35th weeks of pregnancy. For this purpose, the attained data 

through the body scanner was transformed into Geomagic Design X software to improve the 

body surface and reconstruct the modified parts during scanning. Then, the surfaces were 

exported into the 3D Design Concept software environment for morphology analysis.  

The positions of all the scanned bodies of Subject 2 were adjusted in respect of the legs and spine 

lines using the same process described for Subject 1. However, the scanned body of the 30th week 

of pregnancy was chosen as the reference body for Subject 2.  

All the scanned body of Subject 2 (30th-35th weeks of pregnancy) was cut toward the height 

direction of Subject 2 with the same formula signified in Table 4-2. It should be noted all the 

bodies were cut according to their individual spine lines. Figure 4-16 shows the perspective view 

of the cross-section curves of torso area for Subject 2. 

 

Figure 4-16- Cross-section curves for 30th-35th weeks of pregnancy (Subject 2) 

Moreover, the evolution of the circumference of the cross-section was measured at different 

angles considering the spine line as the reference. The circumference growth of different cross-

sections for torso area of Subject 2 is depicted in Figure 4-17 while an increasing can be detected 

for the curves during this specific span of time. Nonetheless, the increasing rate was lower than 

the increasing rate of the same cross-section circumference for Subject 1 during her second 

trimester (8% growth of belly and waist circumferences between 30th and 35th weeks of 



 

133 

 

pregnancy). The rising trend of cross-section circumferences was in good agreement with the 

trend of weight gain given by Method 2.  

 

Figure 4-17- Circumference growth of different cross-sections in torso area for Subject 2 between 

30th and 35th weeks of pregnancy 

Next, an adaptive surface for the whole pregnancy period was created based on the weight gain 

for the entire pregnancy period (Method 2) and available scanned data of the third trimester. The 

developed virtual mannequin of Subject 2 is shown in Figure 4-18 that appeared correct to be 

applied for computer-generated garment design.  
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(a) 

 
(b) 

 
(c) 

Figure 4-18- Developed virtual mannequin of (a) 10th, (b) 20th and (c) 30th weeks of pregnancy on 

the reference body (30th weeks) of the second pregnant woman (Subject 2) 

4.2 Garment block pattern development  

A garment block pattern was suggested using the developed adaptive mannequin for one of the 

studied pregnant women (Subject 2). Hence, the virtual mannequin completed for torso was 

merged with non-evolving parts of the scanned body of the 35th weeks of pregnancy of Subject 2 

in the Geomagic Design X software environment. It is taken into account that the pregnant 

women experienced considerable changes around torso during pregnancy although the evolution 

of the other parts of the body was slight. 

Next, the basic anthropometric feature points (e.g. shoulder tips, front neck, and side hip) were 

determined on the virtual mannequin for Subject 2 using the proposed method by Hamad et al. 

[229]. The anthropometric feature points for Subject 2 are shown in Figure 4-19. It should be 
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noted that defining the anthropometric feature points was essential to identify the boundaries of 

the pattern for the design of the garment block pattern. 

 

Figure 4-19- The anthropometric feature points [224] 

The General principle of the garment block pattern design process established by Efrat [230] is 

shown in Figure 4-20(a). The 3D shape of the garment block pattern was controlled by feature 

points of the breast and scapula denoted in Figure 4-20(b).  

The triangular surfaces for the front and back of torso were created using the feature points of 

breast and scapula connected with necklines, shoulder lines, armhole lines, the sidelines of the 

body and the middle lines of the back and front. Each triangle surface was molded by connecting 

two adjacent limit points and the corresponding breast points for the front and scapular points for 

the back of the block pattern (red curves in Figure 4-20(c)). Also, the connection between the 

tangent curves near the breast Figure 4-20(d) and straight lines distant from the breast determined 

the volume form of the breast.  

Moreover, angular lines (Figure 4-21) were used to develop the correct design curve of armhole. 

The armhole design curve was made by connecting the extremities points (underarm point, 

shoulder point, front pitch and back pitch points (denoted in Figure 4-22) close to the body shape. 
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It should be noted that all the design curves were outlined considering the 3D ease allowance 

lengths [231], [232]. 

(a) (b) 

(c) (d) 

Figure 4-20- (a) General principle of the garment block pattern design, (b) Characterization of 

shape controlling points for breast and scapular,  lines (yellow) and curves (blue) for garment 

framework defining, (c) Triangular surfaces generation and (d) Outlining  the normal line of a 

curve ( red color shows the formed curve, blue color illustrates the tangent and green color shows 

the normal line to the tangent line [230] 

 

Figure 4-21- The angular lines for armhole design curve development [224] 
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Finally, 3D graphical model of garment block pattern considering the 3D ease allowances was 

obtained (pattern outline in Figure 4-22 (orange network)). Also, several surfaces were allocated 

to the waist, belly, hip, and breast for garment design on the outlines of the 3D graphical model of 

the garment. 

 

Figure 4-22- 3D graphic model of garment with 3D ease allowances [233] 

The garment block pattern was modeled by triangulating the surfaces of different parts from the 

front and back of the pattern. The front and back of the garment block pattern are demonstrated 

for Subject 2 in the 3D Design Concept environment in Figure 4-23(a and b). It is noted that no 

requirement was necessary for the number and size of triangular meshes since the fabric 

properties can be provided during the virtual try-on simulation. 
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(a) (b) 

Figure 4-23- (a) Front and (b) Back of the garment block pattern for Subject 2 in the Design 

Concept 

Then, the flattening process was applied to achieve the corresponding 2D pattern of the designed 

garment in the 3D Design Concept. Therefore, eight 2D pieces were created including four pieces 

for the front and four pieces for the back of the garment.  

All the pattern pieces were imported into the Modaris software for adjustment after the flattened 

2D block pattern was made. All eight pieces were sewn together in the Modaris software 

environment.  

As specified earlier, a pregnant woman’s body endures considerable changes in torso while other 

parts do not experience noticeable changes. Therefore, the formed virtual mannequin of torso was 

combined with non-evolving parts of the 35th week scanned body of the pregnant woman (Subject 

2) on the way to try-on the virtual garment block pattern on the entire virtual mannequin.  

In the next step, the garment block pattern was virtually tried on the completed mannequin of 

Subject 2. However, the drape of the garment block pattern was not suitable since the garment 

block pattern was not well-tailored on the body of the pregnant woman (Subject 2).  

To improve the fitting of the designed pattern, several darts were allocated to different pieces of 

the block pattern in the 3D Design Concept software environment and the garment drape was 

simulated in dynamic mode. Hence, two chest clip darts were employed for two upper front 



 

139 

 

pieces of the pattern intended for the improved garment fitting on the body. The chest clip darts 

for two upper front pieces of the pattern can be found in Figure 4-24(a). 

Also, two elastic seams were allocated to the designed block pattern with the intention of garment 

fitting improvement on the body in the Modaris software environment. The most important 

characteristic of a well-constructed sewn seam is strength, elasticity, durability, security, and 

appearance while seams provide special effects for the garments. Therefore, the elastic seams 

were hired to assist the pattern to follow the form of the body in the presence of the forces during 

the course of dynamic drape simulation. 

It should be noted that the commercial maternity garments were firstly analyzed to get a rough 

estimation for the right position of the seams intended for the best form and fit of the pregnancy 

garment. Next, the good position of the elastic seams was fixed using trial and error method 

(different positions were distributed while the place of the seams was intended to be between the 

armpit and underbust points of the pregnant woman).  

The garment block pattern was simulated using two darts and two elastic seams (Figure 4-24(a)). 

It should be taken into account that the pieces were edited in the Modaris software environment 

before assigning them to the 3D environment for virtual try-on with the aim of getting a well-

fitted pregnancy garment.  

Briefly, design–display–evaluation correction was continually implemented to attain an adequate 

design. The front and side view of the virtual try-on of the garment block pattern on the 

developed mannequin is displayed in Figure 4-24(b and c). As can be seen, the block pattern with 

two chest clip darts and two elastic seams proposed a suitable fit on the pregnant virtual 

mannequin of Subject 2.  
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(a) (b) (c) 

Figure 4-24- (a) The garment block pattern, (b) Front and (c) Side view of the corresponding 

virtual try-on [224] 

It should be noted that the characteristic of one of the predefined fabrics was assigned to all the 

eight pieces of the garment block pattern for dynamic drape simulation. The characteristics of the 

selected woven fabric for drape simulation were in agreement with the characteristic of Sample 1 

(the manufactured EMSE woven fabric with conductive monofilament as stuffer weft (Table 3-3). 

4.3 Results and discussion 

As explained earlier, the main objective of the present thesis was to develop a garment with 

electromagnetic shielding effectiveness properties for pregnant women to protect both mother and 

fetus against radiation. 

Also, insufficient numbers of mannequins with accurate sizes are supplied for pregnant women in 

the apparel and design industry. However, 3D design and body measurement systems have been 
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developed in recent years and accordingly, the 3D virtual mannequin has been technologically 

advanced for different body figures and styles spending less time and cost. 

Therefore, in this chapter, a 3D virtual mannequin was suggested for pregnancy period. In the 

following, the results of the proposed model for pregnancy mannequin making and corresponding 

garment design were discussed.  

 Pregnancy mannequin  

To begin with, a pregnant woman was scanned at regular intervals (every week) and the data was 

stored. Then, the body changes of torso (between the crotch and underbust) were analyzed for the 

specific duration of pregnancy (16th-26th weeks). 

In the next step, a 3D adaptive virtual mannequin was made using the linear model for the 

pregnant woman (Subject 1) and the produced surface for torso was fitted on the scanned body 

for the second trimester.  

In a few words, the body modification of torso was analyzed and the collected data was applied to 

generate a 3D adaptive virtual mannequin using the linear model for Subject 1. The produced 

surface of torso was in good agreement with the scanned body of the pregnant woman for all the 

weeks during the second trimester. 

It is noted that the necessity of virtual mannequin development for the pregnancy period to be 

applied in the garment design sector was remained unreturned since the virtual mannequin was 

produced only for the second trimester of the pregnancy period.  

In addition, it appears unmanageable to scan a pregnant body every week without any break or 

gap in between. The gaps occur because of several problems e.g. each pregnant woman 

experiences enormous changes in her physical and mental statuses during pregnancy due to the 

hormone changes and fetal growth. As a result, one pregnant woman may be cautioned to take an 

absolute rest for a definite period of her pregnancy or another is not sure the week's number of 

her pregnancy especially during the course of the first weeks of pregnancy. For a similar reason, 

the body scanned data was not accessible for all the weeks of pregnancy for Subject 1.  

Therefore, the possibility of mannequin development for whole pregnancy length was considered 

with existing body scan data for a definite duration of pregnancy. So, it was suggested to outline 

the possible correlation between the weight gain and body morphology growth during the period 

of maternity.  
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Thus, the body growth of the pregnant woman was estimated based on the existing body scanning 

data in combination with weight gain during pregnancy to create a virtual mannequin for whole 

maternity period. 

For this purpose, a proposed trend of weight gain (Method 1) was employed to produce a virtual 

mannequin for the whole pregnancy length. However, the results of the predicted mannequin 

were not promising as the body has not indicated normal changes for the studied case (Subject 1).  

Alternatively, another proposed weight gain trend (Method 2) was applied and the mannequin 

was generated for the entire pregnancy period based on the weight gain trend proposed by 

Method 2. The results showed that the formed mannequin of Subject 1 was well-accorded to the 

actual evolution of the body over the pregnancy period. It means that the generated mannequin 

using weight gain trend (Method 2) in cooperation with accessible body scan data was in good 

agreement with the actual body profile during pregnancy.  

 Model validation  

Body scan data of another pregnant woman (Subject 2) was collected and the body evolution was 

examined for a different period of pregnancy (the third trimester of her pregnancy). The purpose 

was to verify the suggested model of the 3D virtual mannequin based on weight gain during 

pregnancy deliberated in the previous section. 

It should be taken into consideration that the weight of pregnant women before pregnancy and 

total weight gain during nine months of pregnancy is approximately available for every single 

pregnant woman. It is correlated to the fact that the visible body changes during pregnancy such 

as weight are frequently recorded by doctors or in hospitals.  

Consequently, the suggested model for mannequin making based on weight gain had to be 

verified for further studies of garment design. So, the 3D virtual mannequin of Subject 2 was 

developed based on the information provided by the body scanner and the weight increase of the 

pregnant woman during her pregnancy.  

First, the mannequin of Subject 2 was made for certain pregnancy duration based on the available 

body scanning data (the third trimester). Next, the adaptive mannequin was advanced for the 

whole pregnancy period based on the trend of weight gain. The results showed that the formed 

adaptive mannequin based on the weight gain is in accordance with the actual figure of the 

pregnant woman.   
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It has to be taken into account the scanned bodies of Subject 2 were acquired during the third 

trimester of her pregnancy although the data of the scanned bodies of Subject 1 were collected 

during the second trimester of her pregnancy. The reason was correlated to the fact that these two 

women (Subject 1 and Subject 2) were presented for body scanning at different time spans with 

regard to their health conditions and their personal preferences.  

To conclude, it was suggested that the proposed model to create a 3D virtual mannequin based on 

weight gain of mothers during pregnancy was valid for two studied pregnant women (Subject 1 

and Subject 2). Therefore, it is suggested that the 3D virtual mannequins can be produced using 

the weight gain forecast of each pregnant woman and this model is applicable in the ready-to-

wear sector. Also, the proposed model can be practical to make customized pregnancy mannequin 

while further mannequin making for a bigger group of pregnant women based on the proposed 

model is recommended.   

 Garment block pattern  

In this section, a basic garment block pattern was proposed relating to the developed virtual 

mannequin for Subject 2. It should be noted that the final objective of the present thesis was to 

make a well-fitted protective garment for pregnant women with the intention of protecting both 

mother and fetus against radiation. So, it was suggested to virtually design a block pattern for 

torso area of the pregnant women.  

Therefore, a block pattern was completed in the Design Concept environment using the 

anthropometric feature points, characteristic lines and curves determined on the developed virtual 

mannequin of Subject 2. Then, all the pieces of the garment block pattern were flattened and the 

developed garment block pattern was virtually tried on the virtual mannequin of the pregnant 

woman.  

The result revealed that the developed block pattern was well-fitted on the adaptive mannequin of 

Subject 2. Hence, it was suggested that the proposed method of 3D virtual mannequin making 

was applicable for creating a fitted pregnancy garment block pattern with electromagnetic 

shielding properties for personal protective application as it was the ultimate goal of this research. 

4.4 Summary  

A well-fitted garment block pattern was developed for a pregnant woman with the potential of 

applying in protective garment manufacturing against electromagnetic waves. It should be noted 
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that this work concentrated on adaptive mannequin making and garment design for torso since 

most protection would be applied on torso to protect both mother and fetus against the negative 

effects of radiation. 

First, the body morphology during pregnancy was investigated and the adaptive mannequin 

surface was produced for the indicated period of pregnancy and the virtual mannequin surface 

was verified by available body scanned data. Afterward, the virtual mannequin was established 

for the entire pregnancy period based on the weight gain throughout pregnancy for a pregnant 

woman (Subject 1).  

In the next step, a virtual mannequin surface for another pregnant woman (Subject 2) was made 

with a similar process. The objective of making a virtual mannequin for Subject 2 was to validate 

the proposed model for mannequin development based on weight gain during the period of 

maternity. The results showed that the developed adaptive mannequin was accurate for the entire 

maternity period of Subject 2.  

To clarify, the made mannequins for two different pregnant women (Subject 1 and Subject 2) 

using weight gain during pregnancy confirmed the precision of the proposed method of 

mannequin estimation for whole pregnancy period.  

So, it was suggested that the established mannequin based on the weight gain approximation 

during maternity period was necessary in order to make a personalized protective garment for 

pregnant women in view of the actual body evolution during pregnancy. 

To finish, the adaptive mannequin was applied to make a virtual garment block pattern for 

Subject 2. Chest clip darts and elastic seams were allocated to the two-upper front pieces of the 

pattern and the result of virtual try-on suggested that the garment block pattern was well-fitted on 

the 3D virtual mannequin of the pregnant woman during the course of dynamic drape simulation. 
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Conclusions and future works 

Textiles have been massively utilized for electromagnetic shielding effectiveness (EMSE) 

applications due to the increasing concern of health issues caused by human exposure to 

radiation. Fetuses are potentially at higher risk due to the rapid growth of the neurological system 

and body organs in early life stages. Hence, protecting the fetuses against the detrimental effects 

of the electromagnetic waves is essential during pregnancy period in consequence of the 

extensive presence of electromagnetic waves in the human living environment.  

A lot of electromagnetic shielding textiles are made of metallic yarns and composites since 

metals are highly electroconductive materials. However, using metallic yarns and composites is 

restricted because of their poor washability, uncomfortability, and corrosiveness.  

Therefore, it was necessary to introduce more practical materials in the textile industry avoiding 

the weaknesses of traditional materials for electromagnetic shielding applications. For this 

purpose, conductive polymer nanocomposites (CPCs) have been proposed for electrical 

conductivity enhancement in textiles.  

This Ph.D. work aimed the utilization of carbon nanofillers as the conductive additive in a 

thermoplastic polymer matrix (PA6,6), commonly used in the garment industry, for developing 

CPC monofilaments intended for shielding textile manufacturing for personal protection. The 

main objective of this thesis was to generate a durable electroconductive nanocomposite 

monofilament with acceptable viscosity for applying in melt mixing method using extrusion.  

This thesis consists of three main parts in an attempt to accomplish all the requirements for 

electromagnetic shielding garment development using electroconductive yarns for pregnancy 

period.  

In the first part of the thesis, the influences of woven fabric characteristics were investigated on 

the EMSE behavior of the woven fabrics. Towards that end, different 2D simple woven fabrics 

and 3D warp interlock woven fabrics were designed and manufactured using metal-based yarns 

as conductive materials. The concentration of this part was to identify the effects of structural 

parameters (e.g. yarn density and weave structure) on the EMSE improvement of the woven 

fabrics.  

Simple 2D woven structures are widely used in the garment industry and as a result, firstly, a set 

of simple woven fabrics was produced for shielding purposes in this research. Then, the 

influences of structural characteristics were studied on the EMSE behavior of the woven fabrics. 
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The shielding of the woven fabrics was evaluated using an anechoic chamber in the frequency 

range of 1-6 GHz. This frequency range (1-6 GHz) is in accordance with the utilized frequencies 

for commonly use electronic devices such as handsets.  

The EMSE results of 2D woven fabrics showed that doubling the conductive yarn density 

resulted in a slightly higher EMSE (~ 5% higher) keeping the same fabric characteristics such as 

weave structure and conductive yarn (PA coated with silver).  

Also, the fabrics with plain weave structure revealed better EMSE values compared to the fabrics 

with the twill weave structure, followed by the satin weave structure. The more the floats of the 

conductive yarns are, the looser the simple woven fabric is, and the lower the EMSE is. However, 

the diagonally arranged of the conductive yarn floats could result in similar EMSE despite the 

different amounts of the floats of the conductive yarns.  

In addition, usage of the yarn with higher conductivity (PA coated with silver) in the woven 

fabric structure led to higher EMSE in comparison with using the yarn with lower electrical 

conductivity (Inox) in the simple woven structures. Moreover, the EMSE of all the 2D woven 

fabrics was in the acceptable range for personal wearable shielding applications (17–39 dB).  

In a few words, the EMSE results of the manufactured simple woven fabrics showed that the 

effects of the conductive yarn density together with the weave structure were not significant on 

the EMSE behavior of the woven fabrics. Also, metal yarns applied in simple woven fabrics 

could not be retained from oxidation, corrosion, mechanical abrasion, and skin touch with the 

wearer due to the limitations of the structures of the simple woven fabrics.  

Consequently, a set of 3D warp interlock woven fabrics was designed where metal yarns were 

integrated into the middle (mid-ply) of the compound woven structures to avoid the difficulties 

caused by metal exposure to the air or the skin touch with the wearer.  

The increase of the EMSE was examined as a factor of increasing the quantity of the conductive 

material per unit area in the frequency range of 1-6 GHz. The quantity of the conductive material 

per unit area in the 3D woven fabrics was enlarged by increasing the yarn undulation of the 

conductive warps, while the yarn density and yarn fineness were fixed for all the manufactured 

woven variants.  

Moreover, the binding of the warps with layers of wefts was set in a way that metal yarns were 

not apparent on the exterior faces of the woven fabrics. The main reason was to avoid metal 

exposure to the air to preserve the metal from oxidation as well as the metal touch with the skin 
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of the wearer. It is attributed to the fact that the compound woven fabrics were designed for 

wearable applications.  

The EMSE results showed that increasing the undulation of the conductive yarns (waviness 

degree) through the thickness of the manufactured 3D warp interlock woven variants resulted in 

higher EMSE attenuation. Changing the position of the conductive yarns by changing the fabric 

parameters e.g. the waviness degree, played a significant role in the EMSE of the 3D warp 

interlock woven variants. For example, an increase of 40% in the level of the EMSE was detected 

by 14% increasing the amount of the conductive yarn (silver multifilament yarn) as a result of 

increasing the waviness degree of the conductive warps from 4.4 % to 24.8 %.  

To conclude, the EMSE of the 3D woven variants was in acceptable range (19–44 dB) for 

personal wearable protective applications in the frequency range of 1-6 GHz. These woven 

variants are excellent for EMSE applications in the frequency band 2–3 GHz owing to the 

possible correlation between the wavelength of the electromagnetic waves and the unit cell size 

of the compound woven structures. Also, these fabrics can be used for shielding the household 

appliances, FM/AM radio broadcast sets, cellular phones, computers, etc. 

In the second part of the thesis, an alternative polymer-based monofilament yarn was produced 

for applying in the weaving process to develop an electromagnetic shield fabric for personal 

protection. The development of conductive polymer nanocomposite (CPC) monofilaments was 

investigated in order to replace the traditional shielding yarns (metallic yarns) with a polymer-

based yarn.  

In order to achieve that objective, a set of conductive nanocomposites were prepared using the 

combination of multiwall carbon nanotube (MWCNT) and carbon black (CB) in a thermoplastic 

polymer matrix (PA6,6) by melt mixing method using extrusion. The electrical conductivity 

results indicated that the percolation threshold of the developed nanocomposite using the 

synergism between MWCNT and CB (1MWCNT:2CB) was at 1.7 wt.% of MWCNT and 3.3 

wt.% of CB where the conductivity of this nanocomposite was higher than the conductivity of the 

nanocomposite contained only 20 wt.% of CB and the same as the nanocomposite contained 3 

wt.% of MWCNT.  

It should be taken into account that the mass concentration of the nanofillers had to be optimized 

in terms of the electrical conductivity and viscosity to develop an applicable nanocomposite in 

the melt mixing method (extrusion). Therefore, the MFI values of the developed CPCs were 
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determined and the results showed that the MFI value of the most conductive monofilament with 

PA6,6, MWCNT, and CB was 11.5 g/10 min (at 280 °C, 2.16 Kg load) which was in the 

acceptable range for extrusion process (10-35 g/10 min).  

Moreover, a set of CPCs with the same ratio of carbon nanofillers was produced while CB 

(Printex) was replaced with high-structured KB (Ketjenblack). The electrical conductivity of the 

nanocomposites with 2.5 wt.% of MWCNT and 5 wt.% KB (PA-MWCNT2.5–KB*5) was 

tenfold greater than the nanocomposite with 2.5 wt.% of MWCNT and 5 wt.% of CB (PA-

MWCNT2.5–CB5). This is correlated to the fact that KB ensures a high effective surface area 

due to the contribution of the internal voids.  

Furthermore, two conductive monofilaments (PA-MWCNT2.5–CB5 and PA-MWCNT2.5–

KB*5) were applied in weaving process to make woven fabrics for wearable personal protection 

against the electromagnetic waves.  

The EMSE of the manufactured fabrics was evaluated in the mode-stirred chamber in the 

frequency range 1–10 GHz. The mode-stirred chamber was employed for the EMSE 

measurements due to the fact that such an apparatus allows the measurements in a realistic 

electromagnetic environment where the wave polarization cannot be controlled such as the 

human living environment.  

It should be noted that the EMSE measurements were completed in an anechoic chamber in the 

frequency range of 1-6 GHz for all the manufactured fabrics in this research. Conversely, the 

EMSE measurements were accomplished in a mode-stirred chamber only for the target fabrics of 

the thesis (woven fabrics with conductive monofilament yarns). It was believed that introducing 

the results of EMSE measured in an anechoic chamber for the woven samples having 

monofilaments in their structures does not improve the readability of the manuscript since the 

more accurate results were presented (measured in the mode-stirred chamber) where it was also 

possible to increase the frequency range (1-10 GHz) for the measurements.  

The EMSE of all the woven samples using the CPC monofilaments was promising for personal 

protective clothing. In addition, the EMSE results revealed that the electrical conductivity of the 

nanocomposites, the yarn density of the conductive monofilaments, and the weave structures of 

the woven fabrics had significant effects on the level of the EMSE.  

To clarify, increasing the density of the conductive weft monofilament (PA-MWCNT2.5–CB5) 

yarns from 4 to 5 (yarns/cm) led to the greater EMSE values for the frequency range of 1-10 GHz 
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(15 vs 11 dB). Also, the substitution of PA-MWCNT2.5–CB5 with PA-MWCNT2.5–KB*5 with 

tenfold electrical conductivity in the two-ply compact woven fabric structure resulted in a higher 

attenuation level (16 vs 11 dB).   

Furthermore, due to the fact that the ultimate goal of this thesis was to protect both mother and 

fetus against the harmful effects of electromagnetic waves, it was suggested to employ a 

parametric graphical method to develop a 3D adaptive mannequin for protective pregnancy 

garment design. Thus, in the third part of the thesis, a new virtual model for mannequin 

estimation based on body scanned data of the pregnant women and weight gain during pregnancy 

was proposed to design an adapted protective garment block pattern for pregnancy period.  

For this purpose, the body morphology of a pregnant woman was analyzed using her body 

scanned data. Then, a 3D adaptive mannequin model was developed based on the scanned data 

and her weight gain during pregnancy. The proposed model was validated by making a virtual 

mannequin for another pregnant woman using a similar process and comparing the results.  

Next, the developed mannequin based on weight gain was applied to design a customized 

garment block pattern for pregnancy period. To end with, the fabric characteristics according to 

the characteristics of one of the developed shielding fabric were assigned to the block pattern 

pieces and the virtual try-on of the developed garment block pattern suggested that it was well-

fitted on the 3D virtual mannequin of the pregnant woman. The proposed method is applicable 

for making a fitted pregnancy garment block pattern with electromagnetic shielding properties for 

personal protection against radiation in the human living environment. 

The results of this thesis can motivate future research in some directions. Some suggestions are 

listed in the following. 

 Proposing a model for estimating the correlation between the unit cell size of compound 

woven fabrics and the wavelength (or frequency) of the electromagnetic waves. 

 Study of the effect of the water content of the developed CPC monofilaments on the electrical 

conductivity and the electromagnetic shielding behavior of the produced fabrics.  

 Investigation of reducing the monofilament diameter to improve the flexibility of the 

monofilament and transform it into a multifilament strand. 

 Applying other common thermoplastic polymers in the garment industry (e.g. polyester) as 

the matrix of the nanocomposite in order to investigate the possibility of achieving a lower 

percolation threshold of the mixed nanofillers or higher electrical conductivity.   
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 Examination of the quantity and ratio of MWCNT and CB to attain the sufficient electrical 

conductivity of the monofilament for 3D printing on textile fabrics aimed for the EMSE 

applications. 
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