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Abstract 

This doctoral thesis deals with modelling of electrically conductive planar textiles 

materials, which belong to the group of so-called smart textiles. These new materials find 

their place not only in the field of telecommunication technology. The ability of these 

materials to conduct electrical current allows the emergence of new applications such as 

textile antennas, shielding textile coverings (e.g. for shielding contactless cards or mobile 

signals), textile conductors (conductor in the form of textile strips), ESD applications, etc. 

The main goal of this work is to find and derive a procedure for modelling of electrical 

resistivity for electrically conductive planar textiles materials. This parameter is now 

determined by standardized test methods for the measurement of specific textile specimens. 

The designed process of modelling of electrical resistivity for electrically conductive planar 

textile materials in the future will allow material engineering in this area. The input parameter 

of the present procedure of electrical resistivity modelling is the resistivity of yarn. 

Modelling of electrical resistivity for electrically conductive planar textile material is 

derived from the definition of electrical resistivity and standardized test methods for 

measuring the electrical resistance of a particular specimen of the electrically conductive 

planar textile materials. Electrical resistivity is independent of the arrangement of the 

electrodes. 

The described procedure is based on assumptions to simplify the model for which is 

shown not to affect the results of the model, on the procedures of circuit analysis and 

standardized test methods. 

The result of the thesis is a derivation of a general model for determining the electrical 

resistivity of electrically conductive textile materials with plain weave, which is a prerequisite 

for materials engineering in the field of electrically conductive planar textile materials. 
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Abstrakt 

Disertační práce se zabývá modelováním elektricky vodivých plošných textilních 

materiálů, které patří do skupiny takzvaných smart textiles. Tyto nové materiály nalézají své 

uplatnění nejen v oboru telekomunikační technika. Schopnost těchto materiálů vést elektrický 

proud umožňuje vznik nových aplikací, jako jsou textilní antény, textilní stínící kryty (např. 

pro stínění bezkontaktních karet či mobilního signálu), textilní vodiče (vodiče v podobě 

textilních proužků), ESD aplikace, apod. 

Hlavním cílem předkládané práce je nalézt a odvodit postup pro modelování měrného 

elektrického odporu elektricky vodivých plošných textilních materiálů. Tento parametr se 

dnes určuje pomocí standardizovaných zkušebních metod měření konkrétních textilních 

vzorků. Vytvořený postup modelování měrného elektrického odporu elektricky vodivých 

plošných textilních materiálů tak v budoucnu umožní materiálové inženýrství v této oblasti. 

Vstupním parametrem předkládaného postupu modelování měrného elektrického odporu je 

měrný elektrický odpor příze. 

Modelování měrného elektrického odporu elektricky vodivých plošných textilních 

materiálů je odvozeno z definice měrného elektrického odporu a pomocí standardizovaných 

zkušebních metod měření elektrického odporu konkrétního vzorku plošných textilních 

materiálů. Měrný elektrický odpor je nezávislí na uspořádání měřicích elektrod. 

Popsaný postup modelování měrného elektrického odporu elektricky vodivých plošných 

textilních materiálů je založen na předpokladech pro zjednodušení modelu, u nichž je 

ukázáno, že neovlivňují výsledky modelu, na postupech obvodové analýzy a na metodách 

vycházejících ze standardizovaných zkušebních metod. 

Výsledkem disertační práce je odvození obecného modelu pro stanovení elektrického 

měrného odporu elektricky vodivých plošných textilních materiálů s plátnovou vazbou, což je 

předpokladem pro možnost materiálového inženýrství v oblasti elektricky vodivých plošných 

textilních materiálů. 
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1. Introduction 

Over the several last years European Union aims to achieve a sustainable future which is 

the purpose of Europe 2020, European Union's growth strategy for the coming decade [1]. In 

March 2010 European Commission presented a strategy for smart (through the development 

of knowledge and innovation), sustainable (based on a greener, more resource efficient and 

more competitive economy) and inclusive (aimed at strengthening employment, and social 

and territorial cohesion) growth [2]. In this document president of the European Commission 

José Manuel Barroso introduced five objectives to be reached by 2020: on employment, 

innovation, education, social inclusion and climate/energy.  

The main instrument for implementing the Union's international research and 

innovation cooperation actions, complemented where appropriate with national funding, was 

commissioned Horizon 2020 in a strategic approach of European Commission [3]. The 

Horizon 2020 is the framework programme for research and innovation for the period 2014 – 

2020. The proposal of establishing Horizon 2020 programme can be found in [4] from 2011. 

The document includes context of the proposal, results of consultations with the interested 

parties and impact assessments, legal elements of the proposal, budgetary implementation, 

establishment of Horizon 2020, its implementation, final provisions, parts about excellence 

science, industrial leadership, social challenges, non-nuclear direct actions of the Joint 

Research Centre (JRC), the European Institute of Innovation and Technology (EIT) and 

legislative financial statement.  

Three priorities of Horizon 2020 were presented as Excellence Science, Competitive 

Industries and Tackling Societal Challenges [5]. The priorities include several fundamental 

work programs which follow the principle of sustainability, environmentally friendly, 

economy and multi-functionality. Excellence Science wants to raise the level of excellence by 

supporting research in itself. Competitive Industries have a strong focus on developing 

European industrial capabilities in Key Enabling Technologies (KETs) with a budget of 

€ 5894 million in constant 2011 prices. It includes advanced materials or advanced 

manufacturing and processing. The Tackling Societal Challenges mentions the importance of 

resources and knowledge across different fields. 

The strategy of European Commission and priorities of Horizon 2020 are followed by 

research teams of Department of Telecommunication Engineering at Czech Technical 

University (CTU) in Prague. However, it has started much earlier. In the period of 2008 – 
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2010 we have solved the project called BE-TEX Humans and Equipment Protection against 

High-frequency Electromagnetic Radiation - Research and Development of New Textiles. 

The project focused on research and development of conductive textile materials, which can 

attenuate electromagnetic radiation in frequency range 30 MHz – 1.5 GHz. The main 

applications of these conductive textile materials were assumed shielding, i.e. construction 

tool for electromagnetic field attenuation against interfering signals. The main contribution of 

this application is a design of a new material which can replace current materials used for 

shielding with lower consumption of required metals. Gentle handling with natural source is 

one of the strategic principles of European Commission.  

Several research papers were published within the scope of BE-TEX project. It presents 

different applications of shielding which is modelled or measured. Paper [6] describes 

shielding textiles utilization at special shielding textile case development, which restricts 

GSM mobile terminals to interfere electronic airborne systems. Paper [7] presents 

development of protective clothing for personnel maintaining mounting work and service near 

antenna systems during their full operation. Modelling and measurement of Electromagnetic 

Shielding Efficiency (ESE) is included in [8]. Hardware protection of electronic identifiers is 

described in [9]. This shielding covers nowadays gain in importance because of contactless 

payments by mobile phones with Near Field Communication (NFC) reader. The ESE 

derivation is published in [10] and it is the part of the doctoral thesis called Modelling of 

electromagnetic shielding efficiency of planar textile materials of the student of Department 

of Telecommunication Engineering [30]. Several application results were also presented, i.e. 

several functional specimens [11 – 15], prototype [16] or verified technologies [17, 18].  

The results of BE-TEX project were appreciated by excellent success by opponent 

board. They stated that cooperation in the research consortium purposefully use the 

interdisciplinary knowledge to gain further market opportunities and that the involved 

company gets into the position of more significant supplier of technical textiles. 

Based on the research activities in BE-TEX project we sent in a tender project called 

KOMPOZITEX – Composite Textile Materials for Human and Equipment Protection against 

Electromagnetic and Electrostatic Fields. The project was approved by Ministry of Industry 

and Trade of the Czech Republic for the period 2012 – 2015. It focuses on composite textile 

materials designated for shielding issue of electromagnetic fields and protection against 

electrostatic fields by dissipation of electrostatic charge, i.e. their discharge or compensation 

of electrical potentials. This protection is achieved by the use of electrically conductive 
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materials in the form of covers, grounding planes or grounding connection especially from the 

perspective of electrical equipment. From the perspective of the operator textiles with 

electrically conductive matrix applied during the textile production are used. These 

applications nowadays require the increasing consumption of non-renewable raw materials 

such as copper (conductors, shielding), aluminium (shielding), silver (conductive textiles) or 

gold (conductor). Therefore European Commission presented the effort to be environmentally 

friendly and introduced Horizon 2020 programme. It is also one of the reasons of research and 

development of project KOMPOZITEX.  

The focus of the research also insists in modelling of electrical resistivity. Nowadays the 

electrical resistivity is measured by standardized methods which consider moderately 

conductive, static dissipative and insulating materials [19 – 24]. It means the process of 

electrical resistivity evaluation ends by measurement method on a specific specimen which 

has to be produced. Optimization of ratio of conductive and non-conductive fibres in the 

blend is therefore hard process. It requires plenty of specimens and a long process time. The 

blend is often based on long-term experiences of workers. These facts result from the 

cooperation with producers of mixtures and woven fabrics, i.e. companies VUB Co. Ltd. and 

Nyklíček a spol. Ltd., during the BE-TEX project. Therefore this doctoral thesis deals with 

modelling of the electrical resistivity, as well as KOMPOZITEX project, which allow 

material engineering in the field of electrically conductive planar textile materials.  

1.1 Textile materials 

This chapter describes general information about textile materials, i.e. structure of 

textiles, basic terms, textile weaves, etc.  

1.1.1  Introduction to fabrics 

Textile refers to any material made of interlacing fibres. Fabric is a material which is 

defined by means of production process, i.e. weaving, knitting, spreading, crocheting, or 

bonding and can be used for further production of goods. Fabric can also be described as 

a planar structure made up from textile fibres by textile technology [25]. Planar structure is a 

product whose two dimensions (length and width) are much larger than the third dimension 

(thickness).  
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The most important fabrics are: 

 Woven fabric 

 Knitted fabric 

 Non-woven fabric 

 Crochet 

 Net 

 Braid 

 

Woven fabric is a planar structure, which is formed by connecting two mutually 

perpendicular running set of threads (or wires), the warp and weft. Knitted fabric is formed by 

linking one or more threads. Non-woven textiles are made of unidirectionally or randomly 

oriented fibres, which are connected by friction, cohesion or adhesion. Crochet uses a crochet 

needle which mutually binds thread stitches. Net is a transparent fabric with link and regular 

apertures. Braid is a pattern formed by intertwining three or more threads. 

This thesis focuses on woven fabric. There are several reasons. Woven fabrics are used 

worldwide in a wide variety of applications, e.g. cloth, household textiles, furnishings, 

industrial uses or technical products. It represents together with non woven fabric the greatest 

world consumption of textiles [26]. 

1.1.2 Basic terms 

The terminology of textile materials is rich [27, 28] and therefore only important terms 

of woven fabric are mentioned.  

Fibre is often referred to as thread or yarn. Thread is a type of yarn intended for sewing 

by hand or machine. Yarn is a general term for any assemblage of fibres that has been put 

together in a continuous strand suitable for weaving, knitting and other textile techniques [29].  

Sett is the term for density of threads in weft and warp. It is specified for 100 mm length 

of fibre according to standards. However, it is indicated in 1 cm in praxis. 

Fineness represents mass of material for 1000 m length. The unit is denoted as [tex], 

which is the unit [g·km
-1

] in the SI (International System of Units/Le Système international 

d'unités) system. 

Warp lies in the length direction of the fabric and it consists of several thousands of 

parallel fibres. Weft is formed by one thread perpendicularly to the warp threads. Weft is 

returned on the edge of the fabric and is stored in parallel with the previous weft.  
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Crossing of warp and weft is called interlacing point or crossing point. If the weft thread 

is above warp thread, it is called weft interlacing point and vice versa. 

The method of mutual interlacing of warp and weft threads is called the weave. 

Several weaves are differed, e.g. plain weave, twill, satin weave, etc. Plain weave is 

formed by simple criss-cross pattern of warp and weft. Twill forms diagonal parallel ribs. It is 

done by passing the weft thread over one or more warp thread in one row and in other row it 

is shifted. Satin weave is specific for its glossy surface, which is created by “floating” of warp 

yarns over weft yarns or vice versa, Fig. 1. 

 

Fig. 1  Types of the weave, plain weave (left), twill, satin weave (right). 

 

Peirce's fabric model describes the geometry of planar textile materials, Fig. 2. 

Parameters of the model are described as follows: AS denotes spacing between weft and warp, 

dP and dW are diameters of warp and weft threads, hP and hW represents crimp heights of the 

warp and weft threads and φ is crimp angle of the warp and weft threads. 

 

Fig. 2  Peirce's model of plain woven fabric [30]. 

 

1.2 Electrical Conductivity 

Electrical conductivity is the reciprocal value of electrical resistivity and represents the 

ability of a material to conduct an electrical current. Electrical resistivity is calculated by 
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means of measured resistance [19 – 24] and therefore electrical resistivity is better explained 

in the following text. 

The term resistivity, i.e. electrical resistivity, is combined with several adjectives, e.g. 

volume, surface, sheet and bulk, and these adjectives are often mixed with the term resistance. 

Therefore misunderstanding of the terms exists in literature. Surface resistance is equalled to 

surface resistivity in [31]. However [19 and 32] brightly presents differences perceptible from 

definitions. Resistivity is presented as electrical resistivity, specific electrical resistance, 

specific resistance or volume resistivity in [33].  

All standards usually define used terms which can help to clarify differences. They also 

present the area of applications, e.g. insulating materials or static dissipative planar materials,   

which also determine using individual terms for these specific applications. 

Surface resistivity is described as the resistance to leakage current along the surface of 

an insulating material and volume resistivity is the resistance to leakage current through the 

body of an insulating material in [20], which describes test methods for DC resistance or 

conductance of insulating materials. The same definition is presented in [34], which focuses 

on methods of test for volume resistivity and surface resistivity of solid electrical insulating 

materials. Surface resistivity is further defined in [34] as the electrical resistance between two 

parallel electrodes in contact with the specimen surface and separated by a distance equal to 

the contact length of the electrodes and volume resistivity as the ratio of the potential gradient 

parallel to the current in a material to the current density. 

Surface resistivity, expressed in [/square], is defined as the ratio of DC voltage drop 

per unit length to the surface current per unit width for electric current flowing across a 

surface and volume resistivity, expressed in [·cm], is defined as the ratio of DC voltage per 

unit thickness to the amount of current per unit area passing through a material in standard 

[19], which describes surface resistance measurement of static dissipative planar materials. 

This standard also presents surface resistance definition as the ratio of DC voltage to the 

current flowing between two electrodes of specified configuration that contact the same side 

of material. It is expressed in []. Detailed explanation of the differences between surface 

resistivity and resistance can be found in [32]. 

Standard [23] describes test methods and requirements for surface resistivity 

measurement for electrostatic properties of protective clothing. It defines surface resistivity as 

the resistance between opposite edges of a square of the material along the surface of the 
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material and surface resistance as the resistance determined by using specified electrodes 

placed on the surface of the material. 

Volume resistance is defined as the ratio of the DC voltage applied to two electrodes 

(on or in a specimen) to the current in the volume of the specimen between the electrodes 

[20]. 

Sheet resistance is often related to semiconductor applications. It is a measure of 

resistance of a thin film of the semiconductive material. It is usually measured by four point 

probe method [35, 36] or Van der Pauw method [37]. When the term sheet resistance is used, 

the thin films are considered to be two-dimensional, i.e. the current flow is only along the 

plane of the material. Sheet resistance is calculated as ratio of resistivity and thickness of the 

material [38]. This resistivity refers to bulk resistivity which is also known as volume 

resistivity [39]. 

Bulk resistance is the resistance of material measured between electrodes which are in 

contact with both sides of the material at each end [40]. Bulk resistance is also a diode 

parameter. It is defined as the approximate resistance across the terminals of the diode when a 

forward voltage and current are applied across the diode [41]. 

Sheet resistivity is the ratio of bulk resistivity and thickness of the material [42], i.e. it is 

defined by the same calculation as the sheet resistance in [38]. The relationship for sheet 

resistivity was developed in Smith`s work in 1958 in [36] as ratio of voltage and current 

multiplied by ratio of π and ln(2).  

1.3 Current situation of the studied problem 

Modelling the electrical property of conductive fabrics for knitted fabric sensors is 

described in [43]. Electrical model of 1×1 rib conductive knitted fabrics is proposed based on 

Kirchhoff’s voltage law and electric circulation theories. It however describes only the 

relationship between resistance of 1×1 rib fabric knitted with stainless steel fibres and its 

extension. It does not include electrical resistivity modelling, woven fabrics consideration or 

fibres manufactured from conductive and non conductive fibres. The rest of the papers 

describe electrical resistivity parameter only as an input parameter for modelling for example 

textile antennas, textile sensors or textile transmission lines.  

A textile antenna is often designed in the simulation software, optimized and fabricated. 

The simulation software often uses the numerical methods such as Method of Moment 

(MoM), Finite Element Method (FEM) and Finite Difference Time Domain (FDTD). Basic 

parameters of antennas such as gain, radiation pattern, input impedance, etc. are then 
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compared by simulation and measurement results. Paper [44] describes the comparison of 

measurement and modelling results of two experimental monopole antennas which were 

produced from a conductive textile radiating element and a metallic conductor. Authors 

compare input impedance and relative gain of these antennas with good results. Modelling 

and measurement of input impedance for two different thicknesses of the sample, i.e. physical 

and effective one, is presented in [45]. Authors also compare resistance for different layered 

impedance boundaries, which is a parameter of HFSS (High Frequency Structure Simulator) 

software used to model multiple thin layers in a structure as one impedance surface. Three 

antenna prototypes are simulated and measured in [46], i.e. copper foil rectangular patch 

antenna, hybrid patch antenna and simple textile patch antenna. Authors compare reflection 

coefficient, bandwidth and centre frequency. Textile antenna is resonating at higher centre 

frequency and bandwidth is comparable for all samples. Placing the antenna on human body 

suffers loss in gain and efficiency. Electrical conductivity of thread is modelled by HFSS 

software and measured in [47]. A comprehensive study of the high frequency properties of the 

electro-textiles for wearable antenna applications is carried out in [48]. Paper [49] presents a 

design procedure for a textile planar inverted-F antenna (PIFA) and evaluates its efficiency. 

Read range of sewed RFID (Radio Frequency Identification) tag with dipole antenna is 

discussed in [50]. Patch type UHF RFID antenna is designed and different electro-textile 

ground planes are investigated in [51].  

Numerous other papers have been published about the design, fabrication and 

applications of textile antennas [52 - 59]. However, the papers usually present antenna design, 

simulations and measurement of specific antenna parameters, not the modelling of the 

electrical resistivity or conductivity. It is often only the input parameter for simulations. The 

chapter about the electrical surface resistivity of the conductive fabrics is described in the 

survey [60]. The surface resistivity is discussed as quantification of electrical behaviour of 

fabrics as planar materials. Authors mention used standards and test methods of surface 

resistivity, which are presented in next chapters, the choice of the conductive fabric for the 

patch and the ground planes and they also discuss the influence of fabric structure to antenna 

parameters. 

Many papers also design the conductive textile structure as a sensor. The paper [61] 

presents a design of flexible resistive pressure sensor woven from electrical conductive fibres 

in parallel connection. Authors calculate the resistance between warps and wefts of the sensor 

and convert the resistance into output voltage. The paper [62] introduces textile pressure 

sensor design consisting of textile sensor array and the measurement electronics. The sensor is 
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formed by three-layer structure forming a variable capacitor. Electrical model of stretch 

sensor is described in [62]. Authors employ Delta-Y transform for calculation of anti-ladder 

topology of stretch sensor.  

Textile transmission lines are investigated in the [63]. Authors discuss material 

properties, impedance characterization, time domain reflectometry (TDR) measurement and 

frequency characterization. Electrical performance of textile transmission lines is also 

discussed in [64]. Authors consider textile geometry, transmission line configuration, 

impedance measurement and find out among others a good signal transmission for a 100MHz 

clock signal. The paper [65] reports the electrical conduction properties of an antistatic 2/1 

twill fabric with 10% of a conductive fibre. Authors use rectangular electrodes to measure 

specimen resistance between them and calculate resistivity. Modelling of metalized textiles 

for shielding purposes introduces [66]. Modelling is based on developed software by authors 

that can calculate shielding efficiency of metalized textiles.  

 Patent databases of Industrial Property Office of Czech Republic, ESPACENET 

database of European Patent Office or U.S. database of USPTO (The United States Patent and 

Trademark Office) can also offer required information about current situation of studied 

problem [67 - 69]. Searching in the patent database of Industrial Property Office of Czech 

Republic can be simplified by using IPC (The International Patent Classification) [70] and by 

relevant key words. The main classification of IPC is divided into A – H sections where 

section D contains textile and section H includes electricity. Subsection of D marked D03 

contains weaving and D03D contains woven fabrics, method of weaving and looms. 

Subsection of H marked H04 includes electric communication technique, H03 contains basic 

electronic circuitry. An example of key words is textil*, resist*, fabric*, measur*, etc. 

The searching in Patent databases of Industrial Property Office of Czech Republic gives 

these exemplary results: 

 H section, textil* key word – 32 records 

 H03 section, fabric*– 6 records 

 H04 section, fabric*– 27 records 

 D section, electric* key word – 106 records 

 D section, resist* key word – 132 records 

 D03 section, resist* key word – 17 records 

 D03D section, resist* key word – 16 records 

 D section, model* key word - 4 records 
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 D03 section, measure* - 9 records 

Many of the searched results are irrelevant, e.g. electrical steaming device, control panel 

for an electric appliance, etc. Documents contain specific usage of electrically conductive 

textiles (e.g. document no. 10338), process of conductive yarn production (e.g. document no. 

1507904, no. 1537264), or methods for producing planar conductive textile structures (e.g. 

document no. 2008-716930). Some of documents are in the state marked as Ineffective EP 

(European Patent) from the beginning. As a consequence the scanned application form is not 

available. I can be nevertheless found in other databases.  

ESPACENET database offers smart search based on key words separated by space or 

operator, advanced search for data entry according to document identification, i.e. title, 

abstract, applicant, IPC, etc. and classification search based on sections previously described. 

Advanced search also offers the possibility to search in worldwide, EP and WIPO (World 

Intellectual Property Organization) databases.  

The results of the ESPACENET database are for example: 

 Smart search – model textile resist – 47 records 

 Smart search – fabric resist model – 143 records 

 Advanced search – H03, fabric – 26 records (worldwide), 4 records (EP), 

5 records (WIPO), 

 Advanced search – H04, fabric –1241 records (worldwide), 114 records (EP), 

136 records (WIPO)  

 Advanced search – D03, electric – 455 records (worldwide), 25 records (EP), 

6 records (WIPO)    

 

Database of USPTO offers quick search by key word in specific field such as title, 

abstract, etc. Advanced search is based on typing query, i.e. key words separated by space or 

operator (AND, or). Number search enables to show records according to patent numbers. 

An example of found patents is: 

 Quick search – model AND fabric – 62 patents (searched in abstract field) 

 Quick search – resist AND fabric – 111 patents (searched in abstract field) 

 Advanced search – modeling AND resist AND fiber – 275 patents 

 Advanced search – modeling AND resist AND fabric – 512 patents 
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Many of found records in ESPACENET and UPSTO are irrelevant for the purpose of 

this thesis. Some records nevertheless describe fabric modelling itself by finite element 

analysis (patent no. US 20090012749 A1) or by optical analysis (patent no. 94110818). 

Measurement of electrical properties of materials can be found in many standards, as 

discussed in next chapter, or in the papers which refer to them and describe it in deep detail. 

As an example is paper [71] which presents measurements of the volume and surface 

resistance of textile materials with the focus on circular electrode system. Test method [72] 

describes determination of electrical surface resistivity of fabrics. Measurement by parallel 

plate electrodes requires to measure in two directions, i.e. electrodes are parallel to the yarn in 

the fabric length and also in the fabric width. It is caused by different resistance of yarn in 

weft and warp. Measurement by concentric ring electrodes is similar to described in next 

chapter. Reading of measured values is recommended to obtain after 1 min of measurement or 

until the reading is constant. The criterion for constant reading is a change in the Log R value 

of less than 0.1 units per minute. This condition is set to allow current pass through the 

specimen. 

It is currently not known that the modelling of electrical resistivity for electrically 

conductive planar textile materials is being solved for woven fabrics. However, modelling of 

the electrical property of 1×1 rib fabrics was published for knitted fabrics describing the 

tendency of resistance change of 1×1 rib knitted fabrics under uni-direction extension. 

Modelling of electrical resistivity of woven fabrics is however very important for the needs of 

material engineering in the field of electrically conductive planar textile materials. 

1.4 Related standards 

Measurement procedure of electrical resistivity is presented in several standards, which 

are under mentioned and summary is described at the end of this chapter.    

 

Identification:  ANSI/ESD STM11.11-2006 

Title: ESD Association Standard Test Method for the Protection of Electrostatic 

Discharge Susceptible Items - Surface Resistance Measurement of Static 

Dissipative Planar Materials 

Approved:  10.9.2006 

Annotation:   

The standard provides a test method for measuring the surface resistance of planar materials 

in the static dissipative range. It describes a direct current measurement method that is used 
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for the static dissipative range of planar materials. This test method is not intended for 

electrically conductive or insulative materials. It reaffirms standard ANSI/ESD STM11.11-

2001. 

Description: 

Standard defines terms such as planar materials, surface resistance, surface resistivity and 

volume resistivity. The method consists of sample preparation, setup instrumentation, 

electrification period determination, test procedure and documentation. The electrode 

assembly consists of two concentric rings, which are produced from conductive material 

having a volume resistivity of less than 10 ohm-cm and a hardness of 50 to 70 on the scale 

called Shore-A Durometer scale, and are placed on the surface of measured specimen. 

Dimensions of electrodes are 30.48 ± 0.64 mm for inner electrode and 57.15 ± 0.64 mm for 

ring electrode. The width of ring electrode is 3.18 ± 0.254 mm. The total weight of the 

electrode assembly is 2.27 kg ± 56.7 g. Measurement assumes power supply of 100 VDC (± 

5%) for measurement of 1.0x10
6
  and above or 10 VDC (± 5%) for measurements less than 

1.0x10
6
 . It also assumes measurement range of 1.0x10

3
 to 1.0x10

13
 . This measurement 

range includes the static dissipative range which is defined in [73] for materials with a surface 

resistance in the range of 1.0x10
5
 - 1.0x10

12 
/square and volume resistance in the range of 

1.0x10
4
 - 1.0x10

11
 ·cm. Surface resistance is calculated as ration of power supply and total 

current, which is measured by ammeter. Resistivity is than calculated as multiplication of 

measured value and geometric coefficient of electrodes, which is 10 for the specified 

dimensions. Generally, it is calculated as: 

       
  

  
  

  

                 (1) 

 

where ρs represents surface resistivity, Rs specifies surface resistance, r2 denotes radius 

of ring electrode, r1 represents radius of the inner electrode and k specifies geometric 

coefficient of the electrodes. 

 

Identification:  ASTM D257-2007 

Title: Standard Test Methods for DC Resistance or Conductance of Insulating 

Materials 

Approved:  15.5.2007 
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Annotation:   

The standard provides a test method for measuring DC insulation resistance, volume 

resistance and surface resistance. It is not suitable for moderately conductive materials which 

evaluate ASTM D4496. 

Description: 

The standard defines terms such as surface resistance, volume resistance, surface resistivity, 

volume resistivity, conductivity, moderately conductive, etc. Moderately conductive material 

is describes by value of volume resistivity in the range 1 – 10
7
 ·cm. Test procedure requires 

appropriate electrode system, measurement of current or voltage drop under specified 

conditions and specimen. It presents that the change of electrical resistivity or conductivity 

with temperature and humidity may be great. It also mentions surface resistance cannot be 

measured accurately because of some degree of volume resistance is always involved in the 

measurement. Errors of measurement are also discussed. Time of electrification is set to 60 s 

and power supply is 500 ± 5 VDC. Surface resistivity is calculated for circular electrodes as: 

          
    

 
                 (2) 

where Rs is measured surface resistance, D0 represents diameter of inner dimension of 

ring electrode plus its width, g specifies dimension of gap between electrodes. 

 

Volume resistivity is also calculated for circular electrodes: 

          
         

   
              (3) 

where RV denotes measured volume resistance, D1 represents diameter of inner 

electrode, and t specifies average thickness of the specimen.  

 

Identification:  ASTM D4496-2013 

Title: Standard Test Method for D-C Resistance or Conductance of Moderately 

Conductive Materials 

Approved:  1.5.2013 

Annotation:   

The standard provides a test method for measuring electrical resistance and electrical 

resistivity of moderately conductive materials, i.e. solid materials categorized neither good 

electrical insulators nor good conductors. Surface resistivity is in the range 10
3
 – 

10
7 
/square, volume resistivity is in the range 10

0
 – 10

7
 ·cm. 
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Description: 

The standard defines moderately conductive and steady state terms. The apparatus and 

techniques are selected in accordance with the general principles set forth in ASTM D257. 

Test specimen cannot be applied by a power input exceeding 1 W. Overheating is prevented 

by increased size of specimen or by decreased test voltage. Minimum of five specimens from 

each sample is tested. Practical results in a single laboratory by three different operators show 

agreement within ± 3 % of the average value of volume resistivity. Resistance is measured in 

test cell and surface resistivity is calculated as: 

       
  

 
             (4) 

where Ws represents width of the specimen and L specifies length of the specimen 

between electrodes.  

 

Volume resistivity is calculated as: 

       
 

 
          (5) 

where A specifies area of electrodes in cm
2
, l is distance between electrodes.  

 

Identification:  BS EN 61340-5-1:2001 

Title: Electrostatics — Part 5-1: Protection of electronic devices from electrostatic 

phenomena — General requirements 

Approved:  1.8.2000 

Annotation:   

The standard specifies the general requirements for the protection of ESD (Electrostatic 

Discharge) devices from electrostatic discharges and fields. The standard was replaced by BS 

EN 61340-5-1:2007, which was published in 2008. The new version does not include 

information about surface resistance measurement, i.e. the chapter A.4.4 System verification 

fixtures for surface resistance in standard BS EN 61340-5-1:2001 is missing. However, it is 

mentioned in BS EN 61340-2-3:2000 [74] and BS EN 61340-4-1:2004 [75].  

Description: 

All standards define terms such as surface and volume resistance and resistivity. They include 

the apparatus which is formed by two cylindrical electrodes which measure resistance. 

Standard [74] specifies the measurable range of resistance as 10
4
 – 10

12
 . It also presents 

acceptable error of one half of order. Surface resistivity is calculated as: 

          
        

 
                 (6) 
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Standard [75] limits the measurable range similarly, i.e. 10
4
 – 10

13
 . The apparatus also 

consists of two cylindrical electrodes. It presents measurement method of resistance between 

two points, vertical resistance (resistance between measuring and underlying cylindrical 

electrode) and resistance to the ground.  

 

Identification:  BS EN 1149-1:2006  

Title: Protective clothing. Electrostatic properties. Test method for measurement 

of surface resistivity 

Approved:  24.5.2006 

Annotation:   

The standard specifies test methods for materials intended for use in the manufacture of 

electrostatic (scattering electrostatic discharge) protective clothing (or gloves) to avoid 

incendiary discharges. It is not suitable for manufacturing of clothing or gloves designed to 

work on electric power networks. 

Description: 

The standard defines terms such as homogenous and inhomogeneous material, surface 

resistance and resistivity, etc.  Homogenous material consists of components (threads, layers) 

which do not differ substantially from each other or material which is manufactured from 

intimate blend of conductive fibres. The method specifies ohmmeter with the measuring range 

10
5 

 – 10
14  
. A potential of 100 ± 5 VDC is applied and if the resistance is less than 10

5
 , 

low voltage may be applied. Each specimen is tested five times and the arithmetic mean is 

calculated. The apparatus consists of two cylindrical electrodes, which are placed on the 

specimen and the surface resistance is measured. Practical results of several laboratories and 

operators showed significant difference of measured results exist if geometric coefficient of 

electrodes k is lower than 10. Surface resistivity is calculated as: 

       
  

  
  

  

                 (7) 

 

Identification:  BS EN 1149-2:2007  

Title: Protective clothing. Electrostatic properties. Test method for measurement 

of the electrical resistance through a material (vertical resistance) 

Approved:  24.7.2007 
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Annotation:   

The standard specifies test methods for measurement of the electrical resistance of protective 

clothing materials. This standard is not applicable to protection against high voltage. 

Description: 

The standard defines term vertical resistance as electrical resistance between electrodes at 

current flow. It specifies electrode assembly as presented in BS EN 1149-1:2006. It also 

measures electrical resistance in the range 10
5 

 – 10
14  
. 

 

Identification:  BS ISO 10965:2013 

Title: Textile floor coverings - Determination of electrical resistance 

Published:  31.7.2013 

Annotation:   

The standard specifies test method for the determination of the electrical resistance of textile 

floor coverings. It includes measurements of surface resistance, electrical resistance between 

surface and the back of the floor and electrical resistance between surface and the earth.  

Description: 

The apparatus consists on high-resistance meter with measuring range 10
3 

 – 10
9  
, two metal 

circular electrodes, non-conductive plate and earthed metal plate. Specimen of dimensions 

(500 ± 50) mm × (500 ± 50) mm is measured between electrode system and the plates. The 

standard recommends take the readings at latest 1 min after applying the potential to the 

electrodes or if the resistance value is constant.  

 

Described standards focus on materials characterized by volume resistivity in the range of 

1.0 – 1.0x10
11

 ·cm and surface resistivity in the range of 1.0x10
3
 - 1.0x10

12 
/square. It 

represents moderately conductive, static dissipative and insulating materials. Most of 

standards present measurement method of specimen resistance and calculation of electrical 

resistivity, surface or volume resistivity, by multiplication of measured resistance and 

coefficient which corresponds to electrode arrangement. Circular electrodes, i.e. concentric 

ring arrangement, are preferred to rectangular shape of electrode because circular electrodes 

do not have to consider specific orientation of specimen and electrodes, which has to be taken 

into account by rectangular electrodes, and inhomogeneity of planar textile material. The 

measurement principle however provokes to take advantage of it for modelling purposes.       
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1.5 Thesis outline 

Chapter 2 

Chapter 2 presents the aims of this thesis. 

 

Chapter 3 

Chapter 3 focuses on research methods used in this thesis. It is especially Kolb`s 

experimental cycle, modelling and measurement method including critical evaluation of weak 

points of each method. 

 

Chapter 4 

Chapter 4 covers modelling of resistivity for rectangular and concentric ring shape of 

electrodes. Resistivity definitions are introduced and modelling of resistivity with respect to 

definition is presented. Basic principle of resistivity modelling rests in modelling of resistance 

network and multiplication of resultant resistance by appropriate coefficient of electrode 

setting. Resistance modelling is based on several assumptions which are also verified by 

calculation, software or measurement methods. Chapter further presents used procedure for 

resistance determination and also modelling results for rectangular and concentric ring shape 

of electrodes. 

 

Chapter 5 

Main conclusions of the thesis are provided in chapter 5. The areas for further possible 

future research are outlined.     
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2. Aims of the thesis 

Present electrically conductive textile materials can be used in many applications such 

as textile antennas, sensor or transmission lines. However, electrical resistivity or its 

reciprocal value electrical conductivity is an input parameter for material property 

determination, papers usually describe antenna design, simulations and measurement of 

specific antenna parameters, not the modelling of the electrical resistivity or conductivity. 

Research of textiles sensors also does not include electrical resistivity or conductivity 

determination. It is also focused on real design of the specimens. 

However many papers describe improvement of electrically conductive textile materials 

in the form of real samples, modelling the electrical property of conductive fabrics for knitted 

fabric sensors is described in [61]. Author present electrical model of 1×1 rib conductive 

fabrics made from stainless steel fibres. It however does not include electrical resistivity 

modelling, woven fabrics consideration or fibres manufactured from conductive and non 

conductive fibres. The paper describes only the relationship between resistance of 1×1 rib 

fabric knitted with stainless steel fibres and its extension. Disadvantage of this material can be 

seen in consumption of used stainless steel or its specific expandable structure used mainly 

for sensing purposes.  

Patent databases of Industrial Property Office of Czech Republic, ESPACENET 

database of European Patent Office or U.S. database of USPTO contain many patents or 

utility models which describe methods for fabric or yarn production, fabric modelling by 

finite element analysis or by optical analysis. Modelling of electrical resistivity misses in 

these databases.  

The motivation and aims of this thesis is to achieve applicable model for electrical 

resistivity determination of electrically conductive planar textile materials. The main 

objectives of the thesis are: 

- To analyse the issue of electrical resistivity determination 

- To propose a model describing electrically conductive planar textile materials 

- To verify possible simplifications of the model considering real electrically 

conductive textile material 

- To propose a generally applicable model for electrical resistivity determination 

- To verify designed generally applicable model for electrical resistivity 

determination 
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3. Selected methods of processing 

Fulfilment of the aims of the thesis is achieved by sequential use of several research 

methods. Observation without interference, experiment, i.e. observation in specific laboratory 

conditions and measurement are referred to be empirical methods. However, they are in a 

large measure used in Kolb`s experimental cycle [76, 77], which gives into context logical 

methods deduction and induction, Fig. 3.  

 

 

Fig. 3  Kolb`s experimental cycle [76, 77]. 

 

Explanation of Concrete experience is obvious, i.e. for example experience with 

measurement method, reading results, process production etc. Observation and Reflection is 

process of thought about the experience. Abstract and Conceptualization represents a process 

of draw conclusions from the experience, generalization and concept proposal. Active 

experimentation is a process of concept verification. 

It is obvious Kolb`s experimental cycle can be used in spiral. An example of this is a 

process of measurement method improvement, programming, modelling, etc.  

The use of induction method leads to considering only limited amount of information 

because the research is based on concrete experience. Therefore the researcher is aware of 

limited amount of models and theories.   

The risk of using deduction method can be seen in applying already verified procedures 

at all costs which can lead to failure of analysing new or interesting stimuli. 

Modelling of resistivity uses several software environments and laws of electric circuits, 

i.e. circuit equations which include Kirchhoff's circuit laws, Loop Current Method, 
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calculation of resistors in series and parallel and Delta Star and Star Delta Transformation. 

Electric circuits are simulated in a GNOME application for schematic capture and simulation 

of electronic circuits called Oregano [78], which is licensed under the terms of the GNU GPL 

(GNU's Not Unix) (General Public License) [79]. Numerical computation and programming 

are executed in high-level language and interactive environment MATLAB
®
, product of The 

MathWorks, Inc. [80]. Visualization is performed in Excel [81]. 

Weakness of modelling is excessive simplification of the model which can lead to 

incorrect conclusions. Therefore it is recommended to verify modelling method by 

appropriate measurement method, if exists, or by different modelling approach.  

Measurement setup consists on self-made apparatus, Voltcraft
®
 LCR 4080 LCR 

Multimeter and cables. Weakness of the measurement method can be seen in wrong choice of 

measurement device and cables, ignorance of all aspects of used measurement method and for 

example results interpretation.     
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4. Modelling of electrical resistivity 

4.1 Electrical resistivity definition 

It is important to define term electrical resistivity exactly because literature discusses 

the meaning of this term. Details about the adjectives of the term electrical resistivity, e.g. 

surface resistivity, bulk resistivity, volume resistivity, were presented in chapter 1.2. 

However, mention of the resistivity definition and its meaning is crucial for good 

understanding of the model.  

Electrical resistivity in general is defined in next chapter.  

Surface resistivity is the electrical resistance of the surface of a material.  

Volume resistivity, i.e. bulk resistivity, is defined as the electrical resistance through a 

bulk of a material.   

4.1.1 General electrical resistivity definition 

Electrical resistivity is the electrical property of a material that determines resistance of 

this material with specific dimensions. It is calculated as: 

    
  

  
        (8) 

where ρ indicates electrical resistivity, R determines resistance, Ac specifies cross-

sectional area and ls is the length of material. 

 

Definition of electrical resistivity by (8) makes the electrical resistivity material 

property, unlike resistance, which is changed with material dimensions.  

Equation (8) is determined for most conductors with a uniform cross section and flow of 

electric current which are made of one material. General definition of electrical resistivity, 

which takes into account flow of electric current in a material with electric field inside, is 

calculated as: 

   
 

 
        (9) 

where ρ indicates electrical resistivity, E [V·m
-1

] represents magnitude of the electric 

field, J [A·m
-2

] specifies magnitude of the current density. 

 

Electrical resistivity is reciprocal to electrical conductivity σ [S/m], which is a measure 

of material's ability to conduct an electric current: 
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        (10) 

 

The SI unit of electrical resistivity, i.e. ·m, explains how electrical resistivity value is 

obtained. Let`s consider an example of cube with dimensions 1 x 1x 1 [m], two opposites 

sides symbolize two contacts and resistance between these two contacts is measured as 1 , 

then this cube represents the material of 1 ·m electrical resistivity. Generally, electrical 

resistivity is calculated for the specific dimensions of material and with the aid of a value of 

measured resistance. 

Conductors have smaller values of electrical resistivity, e.g. ρ = 1.68x10
-8

 ·m for 

copper and ρ = 1.59x10
-8

 ·m for silver, and insulators reach values about ρ = 10
13

 – 

10
16 
·m (e.g. ρ = 10x10

13 
·m for hard rubber). Values for semiconductors depend on 

purity, it is ρ = 3x10
-5

 ·m for carbon, ρ = 0.5 ·m for germanium and 20 – 2300 ·m for 

silicon. All values are presented at 20 °C [82].  

4.1.2 Electrical resistivity definition for rectangular electrodes 

Surface resistivity is defined as the ratio of DC voltage drop per unit length to the 

surface current per unit width for electric current flowing across a surface [19, 20]. The 

standard [20] further introduces calculation of resistivity for rectangular shapes of electrodes. 

The definition can be expressed by, Fig. 4: 

    
 

 
  
 

 
 

 

  
 

 

 
             (11) 

where ρS indicates surface resistivity, U [V] represents DC voltage, IS [A] specifies 

surface current, L [m] is distance between electrodes, W [m] denotes width of electrodes.  

 

 

Fig. 4  Setup for surface resistivity measurement [83].  
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Volume resistivity is numerically defined as volume resistance multiplied by the cross-

sectional area of specimen dimensions divided by distance between [20].  

The definition can be expressed as: 

       
  

 
           (12) 

where ρV indicates volume resistivity, Ac [cm
2
] represents cross-sectional area of 

specimen dimensions and l [cm] denotes distance between electrodes.  

 

Cross-sectional area is related to specific electrode arrangement. Standard [20] presents 

parameter Ac equalled to: 

                         (13) 

where a, b specifies electrode dimensions and g is the gap between them.  

 

It can be seen from (13) that electrode arrangement of [20] corresponds to two 

concentric rectangular electrodes, the small one with dimensions a, b and bigger one. The 

electrode arrangement can be also similar to setup for resistivity measurement shown in Fig. 4 

with added electrodes below the specimen as presented in [40]. Then the volume resistivity is 

calculated as (12).  

4.1.3 Electrical resistivity definition for circular electrodes 

Considering circular electrodes, i.e. concentric ring probes, definition of surface 

resistivity is complicated. Let`s start from general definition of electrical resistivity (9). 

Current density is often expressed by: 

     
 

  
         (14) 

where J represents current density, I denotes current and S specifies surface area. 

 

Surface current density JS is than calculated for circular cross-section as: 

      
  

    
         (15) 

 

where JS represents surface current density, IS denotes surface current and r specifies 

radius which varies from r1 to r2, r1 specifies outer radius of the centre electrode and r2 

represents inner radius of the outer ring electrode.  

 

In fact (15) represents surface area of all sums of radii which vary from r1 to r2, Fig. 5.  
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Fig. 5  Configuration of ring electrodes. 

 

It is important to mention that when testing surface resistivity of a material, it assumed 

all currents flow between electrodes along the surface area and it do not penetrate into the 

bulk of a material. This condition is not fulfilled by highly conductive materials because 

electrons move also in the bulk of material. So, it is applicable for insulators and slightly 

conductive materials. Static dissipative materials are the example of slightly conductive 

materials. They are used for example in ESD protection applications. However, ESD 

protection can be also fulfilled by conductive grid [90]. 

Electric field E between two concentric ring electrodes, which is also valid for surface 

currents, can be described as: 

          
  

 
    

     

   
          (16) 

where E denotes electric field, JS represents surface current density, ρS indicates surface 

resistivity, IS denotes surface current , S specifies surface area and r indicates radius. 

 

Integration of electric field E from r1 to r2 results in calculation of voltage between 

circular electrodes: 
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Surface current can be eliminated by submitting basic Ohm`s law: 

    
      

  
  

     
  

   
  

  

  
 

  

  
   

  

  
     (18) 

 

And finally, definition of the surface resistivity for concentric ring electrodes is: 

       
  

  
  

  

                 (19) 

where ρS indicates surface resistivity, RS specifies surface resistance and k represents 

geometric coefficient of electrodes. 

 

Equation (19) is used by [19, 23] for resistance measurement and surface resistivity 

calculation. 

Measurement of volume resistivity considers concentric ring electrodes placed on one 

side of the specimen and third electrode placed on the other side of the specimen [20, 72]. 

Resistance is then measured between inner electrode and the electrode on the other side of the 

specimen. The applied voltage between these electrodes enforces electrical field. Considering 

current IV flows only between electrodes, electric field E and voltage U is calculated as: 
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where E denotes electric field, JV represents volume current density, ρV indicates 

volume resistivity, IV denotes volume current, S specifies surface area, r indicates radius of 

inner electrode, U denotes voltage and th is the distance between electrodes. 

 

Resistance than calculated as: 

    
     

  
  

     
   

   

  
    

  

        
   

   
     (22) 

where D1 is a diameter of inner electrode. 

 

Volume resistivity is equalled to: 

       
   

   
        (23) 

 

Equation (22) can be found in [71]. Standard [20] adds a dimension of g, i.e. gap 

between electrodes, to the diameter of inner electrode D1. Application notes for volume and 

surface resistivity measurements [83] presents it is typically without the g parameter.    

4.2 Modelling of electrical resistivity with respect to its definition 

The previous chapter showed surface resistivity can be defined by two ways [19 – 21]:  
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                 (25) 

 

Both definitions can be used for surface resistivity calculation by appropriate 

measurement method. Width and length is measured for rectangular shape of electrodes and 

radii of electrodes are measured for circular electrodes. Surface resistance is than calculated 

from measured supply voltage U and current I. 

Volume resistivity is defined as: 

    
 

  
 

 

 
    

  

 
          (26) 

       
   

   
        (27) 

 

It can be seen that (27) is only a special case of (26) where concentric ring electrodes 

are considered.  
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Regarding Kolb`s experimental cycle it is obvious presented definitions form concept, 

theory (verified theory in this case), i.e. Abstract and Conceptualization. These definitions 

help to measure and model the resistance for resistivity calculation, it is Active 

experimentation. Results can be seen as Concrete experience. The Concrete experience is also 

the fact resistivity is generally obtained by standardized measurement method. Observation 

and Reflection is discussion on the process of resistivity calculation. It is obtained from 

resistance measurement and modelling. 

Resistivity modelling can be based on presented equations (24 – 27). The idea consists 

in modelling of resistance because the resistivity can be then simply calculated. It can be 

performed for both rectangular and concentric ring shapes of electrodes. Resultant resistivity, 

surface or volume, has to be equalled for every configuration of electrodes. Modelling of 

resistance can be further based on an idea woven fabric with plain wave behaves like electric 

circuit with connected resistors. Plain wave is chosen with respect to its simple regular 

structure, rectangular orientation of weft and warp and regular variation of interlacing points 

ensures good contacts of individual intersecting yarns. Moreover, resistivity modelling is 

based on verification of assumptions and individual procedures for simple models and after 

that more complex model is considered. A grid of resistors with all equalled resistors can be 

seen as an example of simple model. More complex model than includes different resistors in 

weft and warp. Modelling of resistivity for rectangular shape of electrodes and for circular 

ring probes is another example. 

This concept assumes several assumptions, i.e. initial conditions, and its arguments.  

4.2.1 Assumption 1 – Electrically conductive woven fabric with plain 

wave can be seen as a grid of resistors 

Woven fabric with plain wave is created by linking of two mutually perpendicular 

running systems of threads, i.e. warp and weft form a simple criss-cross pattern. Details were 

presented in chapter 1.1. Fig. 6 depicts the structure of plain wave.  

We can assume that the fibres are conductive. Conductance of the material is caused by 

mixture of conductive and non-conductive components. Electrical conductivity of conductive 

components, i.e. silver or copper, is about 6·10
7
 S/m and for non-conductive components, i.e. 

insulators, it is about 10
-16

 S/m. If the ratio of mixture of conductive and non-conductive 

components, i.e. 60%/40% [84], is considered, it is obvious the resultant material is 

conductive.  
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We can also assume that the contacts of weft and warp threads, i.e. interlacing points, 

are well connected because it is used for production of technical textiles, shirting, etc., i.e. 

material is steady from the user point of view. This assumption can be verified by 

measurement of resistance of fibres which are crossed or by modelling and measurement 

comparison. The goal is to prove or disprove the fact crossed fibres form conductive contact, 

which is the parallel to the nodes in electric circuit. This assumption is verified 

undermentioned. 

 

Fig. 6  Plain wave of woven fabric. 

4.2.2 Assumption 2 – Transition resistance of interlacing points is much 

lower than measured resistance, so it can be neglected 

The Assumption 2 is introduced for simplification of the model. It is assumed the fact 

transition resistance of the interlacing points is much lower in comparison with length 

resistance of the fibre. However, this assumption can be verified by comparison of modelling 

and measurement results. 

4.2.3 Assumption 3 – Modelled textile material consists on homogenous 

yarn 

Homogeneity can be defined as the quality of being of uniform throughout in 

composition or structure. Then it is obvious textile material is not homogenous. It is clear 

because textiles consist of conductive and non-conductive components and production 

process includes twisting, grouping of fibres, etc. In addition, diameter measurement of fibres 

is published by microscope examination in [85]. Standards [19 and 23] also describe 
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resistance is measured for five different places on the textile material or for five different 

specimens, which considers inhomogeneity of the material. 

However, Assumption 3 asserts modelled textile material is homogenous. This 

assumption is necessary for model design because the model assumes all resistors are the 

same components with constant resistance. 

4.2.4 Assumption 4 – Input parameter of the model is resistance value 

of resistor R` (R1 in figures) which is the same for all resistors R` 

(R1) 

The model calculates resultant resistance of electric circuit which is compound only 

from resistors marked R` in equations and R1 in figures. These resistors represent length 

resistance of the conductive fibre. Length resistance is calculated from arithmetic mean of 

values of measured resistance for different yarn specimens of the same length. Therefore 

modelled resistor R` can reach same value for all resistors, i.e. it represents average value.  

4.3 Modelling of resistivity for rectangular shape of electrodes 

Modelling of resistivity for rectangular shapes of electrodes considers (24) and (26). 

Resistivity is calculated by appropriate equation and resistance is modelled.   

As published in [85], considering all presented assumptions, it is possible to see 

electrically conductive planar textile material with plain weave from electrical point of view 

as an electrical circuit composed from connected resistors which correspond to structure of 

fibres.  

Fibres form regular shapes in planar textile material with plain weave. Considering ideal 

case, the shapes are seen as squares. This ideal case represents planar textile material with 

plain weave, constant sett, which is the same for weft and warp, and one type of warp and 

weft yarn. Every side of the square then represents resistor R′ (marked R1 in figures), Fig. 7.  

Calculation of this electrical circuit can be solved by Kirchhoff's circuit laws or by 

simplifications of equipotential lines or points. Therefore another assumption and its 

arguments are presented.  
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Fig. 7  Equivalent circuit diagram of used textile material. 

 

4.3.1 Assumption 5 – The points with the same potential can be connected 

or disconnected as necessary 

A model describing electrically conductive textile materials depicted in Fig. 7 represents 

a textile specimen which is measured according to [20] and electrical resistivity is determined 

by appropriate equation. The standard [20] also describes DC measurement method and 

therefore a power supply power supply can be considered as poles of electrodes that are used 

for resistance modelling in the equivalent circuit diagram of used textile material. The both 

poles of power supply are connected to shorter sides of textile, i.e. to the common nodes of 

outer resistors of equivalent circuit diagram, Fig. 8. 

The equivalent circuit diagram can be however simplified by considering equipotential 

points. Regularity of equivalent circuit diagram and connected poles of power supply result in 

the same voltage drop in the nodes which are at the same “distance” from the connected 

power supply. Then the resistors placed between these nodes are considered to zero and 

resultant resistance is calculated from series-parallel connection of resistors depicted in Fig. 8 

as: 

   ∑
  

 
  
  

    

 
         (28) 

where R represents resultant resistance and R’ specifies resistance value of modelled 

resistor R1 depicted in Fig. 8.   

 

If a common formula is derived, resultant resistance is described as: 

   ∑
  

 

 
                   (29) 

where v, u is number of squares in “horizontal” direction, s represents number of 

squares in “vertical” direction. 

 



31 

 

 

Fig. 8  Simplified electrical circuit by eliminating resistors. 

4.3.2 Verification of equipotential lines by software 

It is possible to use for example software called Oregano, GNOME application, for 

verifying points with the same potential [78]. Fig. 9 depicts voltage probes, which are placed 

in five points of different potential. Results are shown in Fig. 10. Different results are 

naturally obtained by placing voltage probes into the points with the same potential, Fig. 11. 

Results depicted in Fig. 12 show only one value of voltage for all five measurement points. 

As a consequence voltage drop between individual resistors is equalled to zero, and therefore 

the resistors can be eliminated. The assumption is therefore valid.  

 

Fig. 9  Voltage probes placed in the points with different potential. 
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Fig. 10  Voltage values for the points with different potential. 

 

 

Fig. 11  Voltage probes placed in the points with the same potential. 

 

 

Fig. 12  Voltage values for the points with the same potential. 
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4.3.3 Verification of equipotential lines by real planar textile specimen 

inspection 

Measurement procedure, photos of real planar textile specimens are described in the 

appendix of this thesis. This chapter focuses on measurement principle, results and 

comparison of modelling and measurement results. 

Considering (29), parameters v, u, s and R’ have to be specified. Parameters v, u and s 

can be simply calculated considering weft, warp and dimensions of specimen. Dimensions of 

chosen real planar textile specimens for rectangular measurement setting are equalled to 

30 x 100 mm (width x length). „Horizontal” direction corresponds to warp and „vertical” to 

weft. All specimens are characterized by 25 threads/cm in warp and 20 threads/cm in weft. 

Number of threads u and s is than calculated as: 

                 (30) 

                   (31) 

 

Resistance R′ of fibre length of one square is obtained from diameter measurement of 

specific fibre, resistance measurement of yarn for specific length and calculation. It is possible 

to use basic measurement instruments for approximation of diameter, such as micrometre. 

Exact value is measured by known methods of textile industry, e.g. microscopic examination, 

resonance methods or laser diffraction [94]. Resistance value R′ is subsequently calculated as: 

    
      

  
     (32) 

where Rl is measured resistance of fibre with length lR and lR′ is the length of R′. 

 

The length of resistance R′ is calculated as: 

     
      

 
       (33) 

where W represents width of measured sample, s defines number of threads in weft and 

dY is measured diameter. 

 

Measurement results are depicted in Tab. I. Tab. II shows parameters for resistor R’ and 

length lR’ determination. 
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TABLE I.  MEASUREMENT RESULTS OF THE FIBRE 

Measurement parameter Value 

Average diameter of fibre dY [mm] 0.210 

Measured resistance of fibre with length lR = 100 mm Rl [Ω] 335 

 

TABLE II.  PARAMETERS FOR LENGTH OF R′ AND R’ CALCULATION 

Measurement parameter Value 

Number of threads in weft s [-] 60 

Width of measured specimen W [mm] 30 

Average diameter of fibre dY [mm] 0.210 

Specimen length L [mm] 100 

Measured resistance of fibre with length lR  Rl [Ω] 335 

Systematic error of Voltcraft LRC 4080 Multimeter measurement [Ω] 0.027 
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The formula, which is the modelling results, can be now calculated as: 

   ∑
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        ̅̅̅̅                   (36) 

 

Measurement results for rectangular measurement setting and volume resistance 

measurement depicted in Tab IX. show average values 3.952  for No. 60. The difference of 

modelling and measurement results is difmodel, measurement = 0.093 .  

Accuracy of modelling method is much higher than the error of measuring method 

which is on principal caused by a type of measured specimen, i.e. electrically conductive 

planar textile material. 

This result also confirms validity of assumption 5. 

4.3.4 Results and conclusions of modelling of resistivity for rectangular 

shape of electrodes 

Comparison between modelling and measurement results show it is possible to see 

electrically conductive planar textile material with plain weave as an electrical circuit 

composed from connected resistors. It also verifies the location of the points with same 

potential, i.e. assumption 5. 
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Moreover, the results show resistance values for rectangular measurement setting are 

about 3 multiple in comparison to square setting. The ratio of distances of rectangular and 

square measurement settings is 3.3. For example: No. 64 RRECTANGULAR / RSQUARE = 3.672 

/1.200 = 3.060 Ω. The difference is 0.273 Ω as shown in Tab. X in appendix.  

The results also show measured resistance for both square and rectangular measurement 

setting is for volume and surface measurement the same, see Tab. XI. It means the specimens 

are very conductive materials and the current penetrate into the bulk of a material. So, the 

model can be used for both volume and surface resistivity determination for very conductive 

materials. An example is the modelling result (37) and (38). 

Surface and volume resistivity calculation is based on simple multiplication of 

surface/volume resistance and coefficient, which depends on electrodes setting. The model 

and measuring apparatus use the same settings, i.e. dimensions of specimens are the same. 

Therefore the resultant surface and volume resistivity are equalled to:   

         
 

 
       

  

   
                   (37) 

       
  

 
    

    

 
       

       

  
                (38) 

 

Specimen thickness t in (38) corresponds to an approximation of two fibre diameter 

because of fibre crossing as a result of weaving. Numerical results (37) and (38) mean that 

described material can be used for example as a good conductor for transmission lines and 

conductive network for ESD applications, a textile antenna for 50  applications or a self-

drying textile material as author published in [84] and [95]. 

Modelling and measurement results confirm assumptions 1 – 5 are valid: 

 Conductive woven fabric with plain wave can be seen as a grid of resistors 

 Transition resistance of interlacing points is much lower than measured 

resistance, so it can be neglected 

 Modelled textile material can be seen as it is compound from homogenous yarn 

 Input parameter of the model is resistance value of resistor R` (R1 in figures) 

which is the same for all resistors R` (R1) 

 Points with the same potential can be connected or disconnected as necessary 

 

The limitation of used rectangular model is seen in considering specific orientation of 

specimen and rectangular electrodes, i.e. electrodes are parallel to the yarn in the fabric length 

and also in the fabric width [72]. So, only two directions are taken into account, Fig. 13. 
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Therefore the results (37) and (38) are not accurate because only one direction of specimen is 

measured. 

This limitation is overcome by using concentric ring probes as described in standards 

[19, 20, 22 and 23]. It considers resistance measurement of specimen between two circular 

electrodes and therefore all directions are allowed. Calculated resistivity values are much 

lower than specified in standards and therefore measurement for concentric ring probes 

cannot be processed by standard measuring probes. However it can be modelled considering 

all presented assumptions which are verified for very conductive material. 

 

Fig. 13  Limitation of electrical resistivity determination by rectangular shape of electrodes. 

4.4 Modelling of resistivity for concentric ring probes 

Let`s consider formula (25), which was described in chapter 4.2: 

       
  

  
  

  

                 (39) 

 

Resistance RS is usually measured according to [19, 23]. This equation is previously 

described but it is important to mention that parameter k is the geometric coefficient of 

concentric ring probes and resistance RS is measured value between these two probes.  

Modelling of the resistance RS considers the same arrangement of concentric ring 

electrodes, previously described and verified assumptions 1 – 5 with the emphasis on 

identification of equipotential points. Electrode placing on the surface of electrically 

conductive textile specimen is depicted in Fig. 14. 



37 

 

 

Fig. 14  Electrode placing on the surface of electrically conductive textile specimen. 

 

4.4.1 Modelling of resistance for square probes 

Modelling of resistivity for rectangular shape of electrodes in previous chapters showed 

equipotential points and lines can be used in the model to significantly simplify modelling. As 

published in [86] the first step in modelling of resistivity for concentric ring probes is a 

location of equipotential lines and points for square probes which can prosper in achieving 

this goal. 

The grid of resistors represents plain wave of woven fabric which is formed by 

electrically conductive fibres. Considering standards [19, 23], poles of power supply can be 

connected to the central square of the square grid of resistors, i.e. it represents inner electrode, 

and to the outer margin of the grid, i.e. outer electrode. Figure 15 also depicts value of resistor 

R1 equalled to 1 k. This value is irrelevant because emphasis is placed on the same values 

of resistors R1 which allow equipotential points and lines identification.   
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Fig. 15  Simplified square model of conductive grid. 

 

Location of equipotential lines and points can be assumed from equation (17) where 

integration of electric field E from inner electrode with r1 to outer electrode with r2 is 

considered. It leads to determination of other assumption with arguments.  

4.4.2 Modelling of resistance for square probes – Assumption 6 

The assumption 6 is: 

Equipotential lines are located for square probes as depicted in Fig. 16.  

 

Fig. 16  Assumption of points with the same potential of simplified square model of conductive grid. 
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4.4.3 Assumption 6 - Calculation of resistance 

Assumption 6 can be verified by calculation of resistance of the model depicted in 

Fig. 16. Inner electrode is surrounded by resistors and equipotential lines as shown in Fig 17. 

Parameter n represents connected resistors R' in horizontal direction of the model. 

 

Fig. 17  Detail of surroundings of inner electrode. 

 

Equipotential lines have the same potential which means the points in these lines can be 

connected or disconnected as necessary. Then inner electrode is surrounded by eight parallel 

connected resistors. Basic equations for calculation of series-parallel connection of resistors 

shows that for example two same parallel connected resistors reach resultant resistance of one 

half of the resistor value. Then resultant resistance of the same eight parallel connected 

resistors is calculated as: 

    
  

 
    (40) 

 

Considering n = 3, n = 5, n = 7 and n = 9, resultant resistance is calculated as: 

   
  

 
 

  

  
 

  

  
 

  

  
   (41) 

where R'/8 is 8 parallel connected resistors for n = 3 and accordingly R'/16 for n = 5, 

R'/24 for n = 7 and  R'/32 for n = 9. 

 

Equation (41) is rewritten as: 

   ∑
  

   

  
      (42) 

where m, m1  {1, 2, 3, 4}. 
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Equation (42) can be extended about increasing n and it leads to an extension of set of 

parameters m, m1, therefore m, m1   {N}. Relation between parameter n and m can be 

calculated from: 

                  

                 (43) 

                      

 

Resultant formula of (43) can be expressed as: 

           (44) 

where x   {0, 1, 2, ..}. 

 

Considering: 

           

          (45) 

               

 

the relation between parameters x and n is calculated as: 

   
   

 
   (46) 

 

Formula (44) and (46) can be substituted into (42) then the rest of resistors which are 

delimitated by equipotential lines are calculated. A value m = 1 is eliminated, because it is 

already expressed as (40). 
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The rest of resistors which form the “corners” depicted in Fig. 16 are calculated as: 
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This dependence is used as: 
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As a consequence, resultant resistance of grid of resistors depicted in Fig. 16 is 

calculated as: 

   
  

 
 

 

 
 ∑
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   ⟨                    

    (50) 

 

4.4.4 Assumption 6 – Verification of equipotential lines by software 

Equation (50) is valid, if every group of parallel connected resistors has one connection 

end in one potential level and the second connection end in other potential level. Then the 

resultant resistance is calculated as a pure addition. Electric circuit can be simulated in 

Oregano software [78] as depicted in Fig. 18. Oregano software for its simulation requires 

placing of ground therefore it is also depicted in Fig. 16. It also shows a placement of voltage 

probes of the same potential levels. The results are depicted in Fig. 19. It shows only one line 

of two probes because the lines are covered with one another. The values of voltage are 

therefore the same. This simulation confirms the presumption of potential levels, i.e. 

equipotential lines, for n = 5. 

Parameter n = 5 is chosen with respect to ESD applications for textile materials. It is 

possible to use the probes with diameters 30 mm and 60 mm [87], which are produced 

according to [21, 74]. However, diameter 60 mm is presented in data sheet, it also includes 

coefficient 10, which means according to (25) dimensions are not exactly described. In 

advance, previous version of these probes of this specific company reach the outer diameter 

equalled to 63 mm and coefficient is still 10 [87]. Standards [21, 74] present diameter of 

electrodes equalled to 30 ± 0,5 mm and 57 ± 0,5 mm with the thickness of outer electrode 3 ± 

0,3 mm. Common distance of antistatic conductive fibres in weft in these textile materials is 

approximately 10 mm [89, 90]. Considering a square with dimensions 10 x 10 mm, inner 

diameter includes 3 squares and outer 5 squares. Seven squares are not considered because all 

resistors between n = 5 and n = 7 are not included. Therefore, n = 5 is considered as a 

sufficient value for the applications, which require protection against undesirable effects of 

ESD. 
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Fig. 18  Simulated electric circuit for n = 5. 

 

 

Fig. 19  Voltage in chosen points of electrical circuit for n = 5. 

 

Figure 18 can be also completed by voltage values for the rest of the nodes. Placement 

of voltage probes in the nodes show the voltage values for almost every node, Fig. 20. 

 

 

Fig. 20  Voltage values for nodes of the electric circuit for n = 5. 

 

Equation (50) is also interesting from another point of view. Equipotential lines induce 

some resistors are equal to zero in resultant resistance. These resistors are connected by their 
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both ends to the same potential level. They are placed in horizontal and vertical line which 

crosses the inner electrode and are depicted by green colour in Fig. 21. The voltage values in 

Fig. 22 reach same values and therefore only one resultant voltage value is shown. This result 

leads to an important conclusion: It is possible to divide the model into four quadrants and 

calculate only one quadrant because four quadrants represent four parallel connected 

resistors.     

   

Fig. 21  Simulated electric circuit for n = 5. 

 

  

Fig. 22  Results of simulated electric circuit for n = 5. 

 

4.4.5 Assumption 6 – Verification of equipotential lines by 

calculating 

The assumption 6 can be also confirmed or disconfirmed by a calculation of resultant 

resistance with the aid of electrical circuit laws. Basic rules about count of parallel or serial 

connected resistors and transformation delta-star, star-delta are used in simplification of 
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circuit. These electrical laws are used in Fig. 23, Fig. 24 and Fig. 25 for n = 5. Figures even 

depict values of individual resistors, where R1 in figures is equal to R' in calculation. The 

value of resultant resistance is shown in Fig. 23, scheme f), it is 5/24 R'. 

 

Fig. 23  Redrawn electrical circuit and its modification by Delta-star (D-S) transformation (n = 5). 

 

Fig. 24  Modified electrical circuit by Delta-star (D-S) and Star-delta (S-D) transformation (n = 5). 
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Fig. 25  Value of resultant resistance of electric circuit is marked f) (n = 5). 

 

If an electric circuit in Fig. 23 a) and assumption of equipotential lines are considered, 

nodes marked A1-A4 and nodes B1-B8 have the same potential and can be connected or 

disconnected as necessary. It leads to elimination of resistors placed between nodes B1-B8, 

B2-B3, B4-B5 and B6-B7 which are connected by their both ends to the same potential level, 

Fig. 26. Resultant resistance is then calculated as (symbol || indicates parallel connected 

resistors): 

   
  

 
 ((

  

 
 

  

 
)‖ 

  

 
)  

  

 
 (

  

 
‖ 

  

 
)  

  

 
 

  

  
 

 

  
    (51) 

 

This result confirms the assumption of equipotential lines for n=5. 

 



46 

 

 

Fig. 26  Simplified electrical circuit by elimination specific resistors. 

 

Considering (50), the result is: 

 

   
  

 
 

 

 
 

  

 
 

 

 
 

  

 
 

     

  
    

 

  
    (52) 

 

The formula (50) has to be therefore specified. The difference is caused by serial-

parallel connection of resistors placed in the “corner” of resistance grid. It is not simple 

addition of resistors. The specified derivation is obtained from the connection, Fig. 27, where 

only the “corner” is shown, i.e. without power supply. 

 

Fig. 27  Series parallel connection of resistors in one “corner” of the grid. 
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Resistance of all four corners of the grid for n = 5, n = 7 and n = 9 is expressed as: 
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This dependence is generally rewritten as: 
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This improvement of (50) describes resistance of the “corners” of the grid. Specified 

formula is expressed as: 
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(55) 

 

According to specified formula (55), resultant resistance for n = 5 can be calculated for 

verification of electrical circuit depicted in Fig. 23 as: 
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The comparison of results (56), (51) and the value of resultant resistance of Fig. 25 f) 

confirm the specified formula (55) for rectangular shapes of electrodes is valid. It also verifies 

the presumption of equipotential lines for n = 5, i.e. for example for ESD applications for 

textile materials.  

4.4.6 Assumption 6 – Verification of equipotential lines for higher 

number of n 

Assumption 6 is valid for relatively small number of n, i.e. n = 5. Let`s consider higher 

value of n as published in [86]. Results can be obtained also by calculation or by using 

software simulation. Software simulation is for increasing number of n less time-consuming 

and therefore this method is chosen.  

It is possible to consider also ESD applications because [90] also presents smaller 

distances. It causes decrease of intensity of electric field which does not have to exceed 

100 V/m. Electrodes dimensions are specified by producers, e.g., 30/63 mm as in [87], 30/57 

mm as in [91]. Considering cylindrical probes 30/63 mm and squares 5 x 5 mm, number of 
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squares n is equalled to n = 11. The outer probe with diameter 63 mm limits the square 

between n = 11 and n = 13. None of the resistor of n = 13 is included completely in this 

limitation and therefore n = 11 is chosen. The error includes partial resistance of resistors 

which is based on length resistance of conductive fibre. 

It is also possible to consider less conductive fibres and then the square edge has to be 

smaller, e.g. 2 x 2 mm, i.e. n = 31. The parameter n is chosen similarly as previous situation.  

Fig. 26 depicts voltage values for the nodes in the electric circuit. Voltage values are not 

good intelligible, therefore Fig. 31 shows resultant equipotential lines and points with the 

same potential. Voltage values correspond to the nodes similarly to Fig. 20. Fig. 29 depicts 

different colours of equipotential lines and points. The lines with same colour and symbols 

reach identical values of voltage. The same rule is valid also for the points. It also means 

colours of lines and points do not have any dependence. 

 

 

Fig. 28  Voltage values of individual nodes in electric circuit. 
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Fig. 29   Equipotential lines and points of the electric circuit. 

 

It is obvious from the simulation equipotential lines are not such simply located as 

previously assumed. Therefore Assumption 6 is not generally valid.  

Simulation for n = 31 is partially depicted in Fig. 30. It shows only one quadrant, all 

equipotential lines and only couple of points with the same potential because of lucidity and 

already discussed symmetry. Power supply is obviously connected however it is not shown. 

 

 

Fig. 30  One quadrant of equipotential lines and several points for n = 31. 
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4.4.7 Conclusions for modelling of resistance for square probes 

It was found presumption of equipotential lines of Fig. 16 is not confirmed and it is 

replaced by results from Fig. 29.  

The important conclusion is also seen in symmetry of the model from the voltage value 

results. It is symmetrical according to vertical and horizontal axis with the centre of inner 

electrode. The axes divide the model into four parts, four quadrants. Each quadrant is also 

symmetrical. This simulation result leads to an important conclusion that it is possible to 

calculate only one quadrant because four quadrants represent four parallel connected resistors.  

However, (55) is according to results from Fig. 29 invalid, it was useful in 

determination of equipotential lines and points.  

4.4.8 Modelling of resistivity for circular electrodes 

Modelling of resistivity for circular electrodes results from (25) and (27). The modelling 

procedure is analogous to the modelling for rectangular electrodes. Electrical resistivity is 

calculated by appropriate equation and resistance is modelled.  

Modelling of grid pattern of resistors is shown in Fig. 31. Inner square, the central one, 

is connected to one pole of power supply, the second one connects outer resistors of grid 

pattern. The power supply is used because standard [20, 23] describe DC power supply.  

The margins of outer resistors can be calculated as ratio of resistor value and thread 

length. Then it improves Fig. 31 about resistors in margins, as shown in Fig. 32. It further 

shows voltage analysis in application Oregano [78], i.e. points and lines with the same 

electrical potential, in Fig. 31. As a result, the whole grid pattern is symmetrical in vertical 

and horizontal axe under the conditions warp and weft setts are equalled and fabric is 

compound from one type of thread. It means resultant resistance of the model can be 

calculated as four parallel connected resistors Rx, where this Rx is equalled to resultant 

resistance of one quadrant of grid pattern in Fig. 32.  

Important note to the Fig. 31 and Fig. 32 is that the voltage values specifies left lower 

node. Furthermore, shown voltage values indicate symmetry also in one quadrant. So, the Rx 

is parallel connection of two resistors Ry, Fig. 32. These principles conclude the possibilities 

of circuit simplification.  
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Fig. 31  Model of grid pattern of resistors with connected power supply. 

 

 

Fig. 32  Simplified model of grid pattern of resistors. 

 

4.4.9 Calculation of Resistor Ry of concentric ring probes 

Electrical circuit is basically solved by several methods with respect to complexity of 

the circuit diagram. The basic method uses rules for series and parallel resistors and also 

delta-star transform. It is possible to use these rules for small number of resistors, i.e. about 5 
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resistors in vertical direction between poles of power supply as shown in Fig. 32. The 

calculation of such circuit diagram is not so difficult, however it takes time. With increasing 

number of the resistors, the calculation is more and more difficult and therefore different 

method has to be considered. 

Classical Kirchhoff's circuit laws can be useful. However number of loops, i.e. number 

of equations, is also enormously increasing with increasing number of resistors. 

 Kirchhoff's circuit laws lead to big amount of equations but they can be used in 

different method. It is called impedance matrix or Z-matrix. Impedance matrix orders 

individual loops into rows of matrix, i.e. it is based on Method of loop currents. Every loop in 

the circuit diagram represents one equation and one row in the impedance matric. For 

example Fig. 33 shows 10 loops for resistor Ry, which consists of the same resistors R’, i.e. 9 

loops are bordered by 2, 3 or 4 resistors R’ and one loop includes power supply and 5 resistors 

R’. Determination of parameter R’ is presented in chapter 4.3.3. Fig. 33 also depicts resistor 

R2, i.e. resistor between loops L6 and L9, which is smaller than R’ because the electrode limits 

its length.  

The next step includes precise indication of individual loops. They cannot be 

interchangeable, Fig. 33.  

 

Fig. 33  Marking of loops in simplified circuit diagram. 

 

Marking of loops is followed by equation definition. The equation for L1 loop is than 

defined, considering all resistors R’ marked in Fig. 31 as R1 are equalled, as: 

                                                 (57) 

where Uv1 – power supply, R’ – resistor value of R1, I1 – current corresponds to L1, I2 – 

current corresponds to L2, etc. 
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Other example is for L7: 

                                                (58) 

 

The rows in impedance matrix for (48) and (49) are then described as: 
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The first row in impedance matrix illustration indicates circuit equation for loop L1, the 

loop L7 is for illustration in second row, however real position of loop L7 in impedance 

matrix is in 7th row. On the left side are placed all power sources for individual circuit 

equations. On the ride side are placed corresponding currents.  

Matrix with resistors R’ consists of 10 columns which represent 10 resistors of 

appropriate 10 currents I1 – I10.  The first column on the left indicates all resistors that 

correspond to current I1. Equation (57) shows four R’ for current I1. It also presents -R’ for 

currents I2, I3, I4 and I5 and therefore this resistor -R’ is located in the second, third, fourth 

and fifth column respectively in (59). The loop L1 indicates no resistors for currents I6 – I10 

and therefore there is value 0 in the impedance matrix illustration (59). Complete impedance 

matrix of electric circuit depicted in Fig. 33 is described as: 

   

[
 
 
 
 
 
 
 
 
 
   

 
 
 
 
 
 
 
 
 ]

 
 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
 
 
 
 
   
  ′

  ′

  ′

  ′

 
 
 
 
 

 

  ′

   
  ′

 
 

  ′

 
 
 
 

 

  ′

  ′

   
  ′

 
 

  ′

 
 
 

 

  ′

 
  ′

   
  ′

 
 

  ′

 
 

 

  ′

 
 

  ′

   
 
 
 
 
 

 

 
  ′

 
 
 

   
  ′

 
  ′

 

 

 
 

  ′

 
 

  ′

   
  ′

 
  ′

 

 
 
 

  ′

 
 

  ′

   
 
 

 

 
 
 
 
 

  ′

 
 

   
  ′

 

 
 
 
 
 
 

  ′

 
  ′

   ]
 
 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
   ]

 
 
 
 
 
 
 
 
 

  (60) 

 

The explanation of values for loop L5, L8 and L10 is better explained in Fig. 34. The 

calculation of “corner” resistors, i.e. R3 and R4, indicates these resistors are pure addends in 

the equation.  
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Fig. 34  Explanation of calculation of resistors R3 and R4. 

 

Now, the impedance matrix is complete. Equation (60) can be for short written as: 

       (61) 

 

Equation (61) applies for any of independent loops L1 – L10. Z matrix is regular one 

and therefore it is possible to multiple (61) by inverse matrix Z
-1

 from the left. Current I is 

then calculated as [92]: 

            (62) 

 

The current in the θ loop is calculated as: 

       
 

 
           (63) 

where Iθ represents current in θ loop, Δ specifies impedance matrix determinant, Δ1: θ  is 

algebraic complement of impedance matrix, 1 in Δ1: θ  indicates omitted row in impedance 

matrix and θ in Δ1:θ indicates omitted column θ in this matrix, U1 indicates power source.  

Considering one power source in the circuit diagram and requirement of input 

impedance calculation, this impedance is calculated as: 

        
  

  
 

 

    
 (64) 

 

It means determinant of whole impedance matrix is calculated. Then first row and first 

column of this impedance matrix is omitted and determinant is again calculated. The ratio of 

these determinant values is equalled to required resistor Ry. 

The best way for determinant calculation is for example software MATLAB [80], which 

uses simple function det(). The condition of this function, i.e. it has to be square matrix, is 

always fulfilled by method of impedance matrix creation. 
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4.4.10  Calculation of Resultant Resistor for concentric ring probes 

with Respect to EN 1149-1 

Resultant resistor of one electrode is calculated as parallel connection of eight resistors 

Ryring of ring electrode. 

The second electrode is also circular with different dimensions, so the same 

mathematical procedure can be used. Resultant resistor of this electrode is also calculated as 

parallel connection of eight resistors Ryinner for inner electrode. 

Resultant resistance of the fabric is than calculated as difference of Ryring and Ryinner. 

This procedure corresponds to previously shown figures which were useful for resultant 

resistance determination. However, more accurate figure of measurement according to 

standards is depicted in Fig. 14. 

As previously described the resistance grid can be simplified and it can be calculated as 

four parallel connected resistors, Fig. 35. The difference between calculation of one resistor 

Ry, Fig. 32, and one resistor RX, Fig. 35 rests in programming procedure. 

 

Fig. 35  Simplification of resistance grid. 

 

Described procedure can be programmed in MATLAB software because of its vector 

environment.  

Firstly, input parameters are determined, i.e. dimensions of inner electrode r1 and outer 

electrode r2, sett d and value of resistor R’. Parameters r1 and r2 can be calculated from 

electrode diameter which is defined in standard [19] as d1 = 30.48 mm, d2 = 57.15 mm, in 

standard [23] as d1 = 50.4 mm, d2 = 69.2 mm for electrode type A and d1 = 20 mm, 

d2 = 60 mm for electrode type B, in standard [22] as d1 = 30 mm, d2 = 57 mm. Different 

electrode dimensions can be also considered as well as appropriate electrode coefficient. Sett 
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d is not only input parameter of this procedure but it is also the input parameter for textile 

production. So, it is a parameter of every woven textile material. Determination of resistor R’ 

is more complicated. It can be seen from (8) that ratio R and ls is a constant considering the 

same cross-sectional area and resistivity of specific specimen. Considering one type of yarn, 

R’ is calculated for the yarn length corresponding to one resistor R’ in the sett d from the 

measured resistance Rly of the yarn and its specific length ly. Specific R’ calculation is 

presented in next chapter. 

Then, considering value d, matrix A is created with corresponding resistors R’ for r2. 

The nodes and the air gap between resistors R’ are differentiated in the matrix A. The margins 

of outer resistors, i.e. resistors limited by electrodes at the margin, are calculated as ratio of 

resistor value and thread length. Matrix A is also limited by inner electrode in next step and 

corresponding margins of inner electrodes are added. 

Impedance matrix is then filled up. Equation (60) shows sum of all resistors in one loop 

is located in main diagonal. Furthermore, resistors which are common to more loops are 

deducted in appropriate column and row of impedance matrix.  

Determinant calculation is executed by det() function. Dimensions of the electrodes are 

used for coefficient determination and finally appropriate electrical resistivity ρ is calculated. 

Part of program code is shown below. It presents filling of main diagonal of impedance 

matrix. 

 

%Main diagonal filling 

k=slo*rad-1; %row 

s=slo*rad; %column 

for i=2:(numel(hl6)+1)%number of loops in main diagonal 

    Rr=A(hl9(k),hl9(s)+1); %resistor on right 

    Rl=A(hl9(k),hl9(s)-1); %resistor on left 

    Rd=A(hl9(k)+1,hl9(s)); %resistor down 

    Ru=A(hl9(k)-1,hl9(s)); %resistor up 

    Rce=Rr+Rl+Rd+Ru; 

    Z(i,i)=Rce; 

    k=k-2; 

    s=s-2; 

end 
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4.5 Modelling results of resistivity for circular electrodes 

The great advantage of the using circular electrodes, i.e. concentric ring probes, rests in 

ignoring directions of warp and weft threads, which has to be considered by measurement 

with rectangular shapes of electrodes. Principle of modelling of resistivity for concentric ring 

probes was presented in previous chapters. Many presented standards describe surface and 

volume resistivity determination by volume and surface measurement of specimen which is 

limited by concentric ring probes dimensions [19, 20, 22, 23, 74 and 75]. Surface and volume 

resistivity are calculated according to as: 

       
  

  
  

  

                 (65) 

       
   

   
        (66) 

where ρS specifies surface resistivity, RS denotes measured surface resistance, r1 is outer 

radius of the centre electrode and r2 represents inner radius of the outer ring electrode, k is 

geometric coefficient of electrodes, ρV specifies volume resistivity, RV denotes measured 

volume resistance, d is diameter of centre electrode and th represents distance between 

electrodes.  

 

Resistance modelling is based on verified assumptions 1 – 5 and procedure described in 

chapter 4.4.10. Input parameters of the model are dimensions of inner electrode r1 and outer 

electrode r2, value of resistor R’ and sett d. Value of resistor R’ is calculated from resistance 

of the yarn for the length ly = 0.1 m (32), (33) and diameter dY = 2x10
-4

m. Electrode 

dimensions are chosen according to [19]. Model validity can be verified by changing one of 

these parameters and simultaneously monitoring resultant resistivity. The value of resultant 

resistivity has to be the same for all cases and all electrode setting including rectangular 

shapes of electrode. The cases can be described as:  

 Resistivity for rectangular shapes of electrodes and circular electrodes are 

comparable for different values of resistance of the yarn for the length 0.1 m, i.e. 

different values of R’ 

 Calculated resistivity from resistance modelling for different dimensions of 

circular electrodes is comparable with resistivity obtained by resistivity 

modelling for rectangular shapes of electrodes 

 Resistivity for rectangular shapes of electrodes and circular electrodes are 

comparable for different setts 
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4.5.1 Results for resistivity modelling for different yarns 

Resistivity modelling for different values of resistance of the yarn for the length 0.1 m 

considers input parameters are constant, i.e. dimensions of inner electrode r1 = d1/2, outer 

electrode r2 = d2/2 and sett d, Tab III.  

TABLE III.  MODEL INPUT PARAMETERS FOR DIFFERENT YARNS 

Input parameters Value 

Sett d [threads/cm] 20 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 57.15 

Resistance of the yarn for the length 0.1 m [] 500 - 8300 

Calculated resistance of the modelled resistor R’ [] 1.5 – 24.9 

 

Results depicted in Fig. 36 show that increasing value of resistance yarn of the length 

l = 0.1 m, which varies from 500  to 8300  with a 200  step, leads to increasing value of 

resultant resistance. Resultant resistance is calculated from the modelled resistor R’ which is 

calculated from the resistance of yarn and therefore the dependence is increasing. The slope of 

a curve depends on the value of electrical resistivity of used yarn. The results also verify 

determinant calculation of impedance matrix. 

The results for surface resistivity calculation are depicted in Fig. 37. The curve is the 

same but shifted due to multiplication geometric coefficient of electrodes (65).  

Fig. 38 shows comparison of electrical resistivity values for concentric ring probes and 

rectangular shapes of electrodes. Determination of resistivity for circular electrodes is 

obvious. Resistance results depicted in Fig. 36 are multiplied by electrode coefficient which is 

calculated according to (65). Only surface resistivity is compared because the surface and 

volume resistivity value is only multiple of the modelled resistance (24), (25 ), (65), (66). So, 

the volume resistivity differs only in constant multiple. Surface resistivity for rectangular 

shapes of electrodes is calculated with respect to (24) and (29) for square shape of electrodes, 

which is a special case of rectangular shape. It is numerically calculated as: 
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     (67) 

 

Equation (67) considers the same dimensions of width of electrodes and the length 

between them, i.e. square shape of specimen. In fact there is no difference in resultant 

resistivity value considering rectangular or square specimen. The ratio W/L always 

recalculates the electrodes dimensions. Square specimen is chosen because of simplification 
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in calculation. The same value of sett d in warp and weft is also considers. It corresponds to 

previously described model in chapters 4.4.8 – 4.4.10. In fact, this is the ideal model of textile 

specimen, which can confirm or disconfirm the modelling idea. 

It shows two linear curves with different slope of a curve. It can be however calculated 

for specific values. Considering Ryarn = 8300 , ρS, square = 24.9 /square and ρS, circular = 

89.11 /square. The slope of a curve is than calculated as the ratio of these values and the 

correction coefficient kc = 3.58. The validity of this correction factor can be verified by a 

change of input parameter and comparison of surface resistivity results, as shown in next 

chapters. The result of applied correction factor is depicted in Fig. 39.  

 

Fig. 36  Resistance for different resistance values of yarn of the length l = 0.1 m. 

 

 

Fig. 37  Resistivity for different resistance values of yarn of the length l = 0.1 m. 
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Fig. 38  Comparison of surface resistivity values for square and concentric ring electrodes. 

 

 

Fig. 39  Comparison of surface resistivity values for square and concentric ring electrodes considering 

correction coefficient kc. 

 

4.5.2 Results for electrical resistivity modelling for different electrodes 

Resistivity modelling for different electrodes takes into account input parameters 

dimensions of inner electrode r1 = d1/2, Sett d and value of resistor R’ are constant, Tab IV. 

Dimension of outer electrode r2 = d2/2 varies. 

TABLE IV.  MODEL INPUT PARAMETERS FOR DIFFERENT ELECTRODES 

Input parameters Value 

Sett d [threads/cm] 20 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 32.15 – 83.15 

Resistance of the yarn for the length 0.1 m [] 700 

Calculated resistance of the modelled resistor R’ [] 2.1 
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Results are depicted in Fig. 40. Inner diameter of outer electrode d2 varies from 

32.15 mm to 83.15 mm. Resultant resistance increases with increasing value of electrode 

diameter. It means more resistors R’ are included in the model which represents bigger textile 

specimen. More resistors R’ also means different A matrix in the model, i.e. more rows and 

columns are added, and as a consequence different impedance matrix and determinant is 

calculated. Different values of resistors which are limited by electrodes at the margin are also 

calculated for different diameters of outer electrodes. This fact results in fluctuation of the 

curve.  

Results depicted in Fig. 41 show that surface resistivity value is comparable for both, 

square shape of electrodes and circular electrodes for the same textile material with plain 

wave defined in Tab IV. Square shape of electrodes is constant because resistor R’ evidently 

does not change for different dimensions of concentric ring electrodes. Surface resistivity for 

concentric ring electrodes is constant from inner diameter of outer electrode d2 = 40x10
-3

 m. It 

is caused by small difference of diameter of inner and outer electrode, i.e. small specimen is 

taken into account and it causes inaccuracies. Resultant resistivity values for both shapes of 

electrodes are shifted in the y axis. 

 If resultant resistance of model for concentric ring probes is multiplied by correction 

coefficient kc = 3.58, the result is depicted in Fig. 42. The result so far verifies the value of 

correction coefficient.  

 

Fig. 40  Resultant resistance for different outer electrode diameter. 
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Fig. 41  Comparison of surface resistivity values for square and concentric ring electrodes. 

 

 

Fig. 42  Comparison of surface resistivity values for square and concentric ring electrodes considering 

correction coefficient kc. 
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Resistivity modelling for different values of sett d considers input parameters, i.e. 

dimensions of inner electrode r1 = d1/2, outer electrode r2 = d2/2 and value of resistor R’, are 
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Input parameters Value 

Sett d [threads/cm] 15 – 34.5 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 57.15 

Resistance of the yarn for the length 0.1 m [] 700 

Calculated resistance of the modelled resistor R’ [] 2.1 
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Results depicted in Fig. 43 show that resistance decreases with increasing value of sett. 

It is caused by smaller value of modelled resistor R’ for increasing sett as shown in (34) and 

(35). Fluctuations in curve smoothness can be caused by resistor calculation in the margins of 

electrodes. 

Surface resistivity for different setts is depicted in Fig. 44. The curve is the same as 

shown in Fig. 43 but shifted due to multiplication geometric coefficient of electrodes (65). 

Comparison of values for surface resistivity of textile specimen for square shape of 

electrodes and circular ring electrodes is depicted in Fig. 45. Both curves decrease with 

increasing sett. However there is a shift in the resistivity values. Considering the same 

correction coefficient kc = 3.58 as in previous cases, the values of resistivity are almost the 

same as shown in Fig. 46.  

 

Fig. 43  Resistance for different setts. 

 

 

Fig. 44  Surface resistivity for different setts. 
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Fig. 45  Comparison of surface resistivity values for square and concentric ring electrodes. 

 

 

Fig. 46  Comparison of surface resistivity values for square and concentric ring electrodes considering 

correction coefficient kc. 
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coefficient kc, Fig. 39. Good equality of the results are also presented for different dimensions 

0

2

4

6

8

10

12

13 18 23 28 33 38

ρ
S
 [

o
h
m

/s
q

u
ar

e]
 

Sett [threads/cm] 

Surface resistivity comparison 

ρ - circular 

ρ - square 

0

1

2

3

4

13 18 23 28 33 38

ρ
S
 [

o
h
m

/s
q

u
ar

e]
 

Sett [threads/cm] 

Surface resistivity comparison with correction coefficient kc 

ρ - circular, kc 

ρ - square 



65 

 

of outer electrode, Fig. 42 and sett d, Fig. 46. Described calculation includes the same 

correction coefficient kc and therefore it is seen the model is valid. The input parameter r1 is 

not changed because it is analogical to the change of input parameter r2. 

Correction coefficient kc obviously corresponds to defined structure of textile material. 

Geometric coefficient of electrodes k is calculated for homogenous materials, which results 

from (17). Electrically conductive textile material with plain wave forms network of resistors 

and therefore the coefficient can differ. Moreover, the margins of outer resistors, i.e. resistors 

limited by electrodes at the margin, are calculated as ratio of resistor value and thread length.  

Accuracy of achieved results can be also discussed. Described standards mentions 

several specimens have to be tested. It is five specimens in [23], minimum of 6 specimens in 

[19], minimum of three in [22]. The reason is seen in inhomogeneity of the material. Test 

method [72] presents precision has not been established for this test method. It however 

recommends use of standard statistical techniques for comparison test results within one 

laboratory or between laboratories. Standard [23] presents practical result of using surface 

resistivity test method in ten different laboratories. The spreading of results is up to a factor 

10, considering minimum resistance value reaches 10
5
  [23]. Obviously error of 

measurement method of electrically inhomogeneity materials is bigger than modelling method 

of electrically conductive planar textile materials.  

4.6 Modelling results of resistivity for concentric ring probes 

considering different yarns in warp and weft 

Same values of yarn resistance in warp and weft used in previous cases were very useful 

for modelling principle verification. However, a generally applicable model for electrical 

resistivity determination requires more than that. It is also necessary to consider different 

yarns in weft and warp.  

Modelling principle nevertheless remains the same for the modified model. Resistance 

is modelled and resistivity, surface or volume, is calculated by multiplication of appropriate 

coefficient. Resistance modelling is also based on circular ring shape of electrodes which 

limits the textile specimen and forms the pattern of resistor network. All presented 

assumptions 1 – 6 are also considered. Matrix A, see chapter 4.4.10, is however fulfilled by 

different values of resistors for warp and weft threads. Margins have to be also taken into 

account. Impedance matrix is then created for appropriate loops and determinant is calculated. 
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The results are shown in next figures for three different cases which are similar to 

previously described: 

 Dimension of outer electrode r2 varies. Sett d, resistance of the yarn in weft Rw, 

resistance of the yarn in warp Rp, dimension of inner electrode r1 are constant, 

Fig. 47 – Fig. 49 

 Resistance of the yarn in warp Rp varies and other input parameters remain 

constant, Fig. 50 – Fig. 52 

 Sett d varies and other input parameters remain constant, Fig. 53 – Fig. 55 

 

4.6.1 Results for resistivity modelling for different electrodes 

Results for the first case are depicted in Fig. 47 – Fig. 49. Input parameters are defined 

in Tab VI. Diameter of outer electrode d2 varies form 32.15 mm to 83.15 mm. Other input 

parameters remain constant. Resultant resistance increases with increasing dimension of outer 

electrode because of more textile specimen, i.e. more resistors R’, is included, Fig. 47. Fig. 48 

depicts surface resistivity values considering different values of parameters RW and RP and the 

correction coefficient kc = 3.58 is applied in Fig. 49. 

TABLE VI.  MODEL INPUT PARAMETERS FOR DIFFERENT ELECTRODES, RW≠RP 

Input parameters Value 

Sett d [threads/cm] 20 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 32.15 - 83.15 

Resistance of the warp yarn for the length 0.1 m [] 700 

Calculated resistance of the modelled warp resistor RP’ [] 2.1 

Resistance of the weft yarn for the length 0.1 m [] 1100 

Calculated resistance of the modelled weft resistor RW’ [] 3.3 
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Fig. 47  Resultant resistance for different outer electrode diameter, RW ≠ RP. 

 

 

Fig. 48  Surface resistivity values for concentric ring electrodes considering different values of parameters RW 

and RP. 

 

 

Fig. 49  Surface resistivity values for circular electrodes considering correction coefficient kc and different 

values of parameters RW and RP. 
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4.6.2 Results for resistivity modelling for different yarns 

Results for the second case are depicted in Fig. 50 – Fig. 52. Input parameters are 

defined in Tab VII where only resistance of the yarn in warp Rp varies from 500  to 8300  

with a 200  step. Resultant resistance increases with increasing value of resistance of the 

yarn in warp Rp as well as surface resistivity, which is obvious from previously described 

results discussion in chapter 4.5.2, Fig. 50. Results for surface resistivity values are depicted 

in Fig. 51 and the shift is applied by the same correction coefficient kc = 3.58 in Fig. 52. 

TABLE VII.  MODEL INPUT PARAMETERS FOR DIFFERENT YARNS, RW≠RP 

Input parameters Value 

Sett d [threads/cm] 20 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 57.15 

Resistance of the warp yarn for the length 0.1 m [] 500 – 8300 

Calculated resistance of the modelled warp resistor RP’ [] 1.5 – 24.9 

Resistance of the weft yarn for the length 0.1 m [] 1100 

Calculated resistance of the modelled weft resistor RW’ [] 3.3 

 

 

Fig. 50  Resistance for different resistance values of warp yarn of the length l = 0.1 m. 
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Fig. 51  Surface resistivity for different resistance values of warp yarn of the length l = 0.1 m. 

 

 

Fig. 52  Surface resistivity values for circular electrodes considering parameter RP varies, RW remains stable 

and correction coefficient kc is included. 

4.6.3 Results for resistivity modelling for different setts 

Results for the third case are depicted in Fig. 53 – Fig. 55. Input parameters are defined 

in Tab VIII and only sett d varies from 15 threads/cm to 34.5 threads/cm with a step 0.5. 

Results are similar to previously described results for resistivity modelling for different values 

of sett d presented in chapter 4.5.3. Resistance decreases with increasing value of sett due to 

smaller value of modelled resistor RW’ and RP’ for increasing sett, Fig. 53, influence of 

margins leads to fluctuation of the curve smoothness and geometric coefficient of electrodes 

causes the shift of the curves depicted in Fig. 53 and Fig. 54. Fig. 55 depicts the results with 

applied correction coefficient kc = 3.58. 
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TABLE VIII.  MODEL INPUT PARAMETERS FOR DIFFERENT SETTS, RW≠RP 

Input parameters Value 

Sett d [threads/cm] 15 – 34.5 

Diameter of inner electrode d1 [mm] 30.84 

Diameter of outer electrode d2 [mm] 57.15 

Resistance of the warp yarn for the length 0.1 m [] 700 

Calculated resistance of the modelled warp resistor RP’ [] 2.1 

Resistance of the weft yarn for the length 0.1 m [] 1100 

Calculated resistance of the modelled weft resistor RW’ [] 3.3 

 

 

Fig. 53  Resistance for different setts (RW = 1100  and RP = 700 ). 

 

 

Fig. 54  Surface resistivity values for circular electrodes considering change of sett   

 (RW = 1100  and RP = 700 ). 

 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

10 15 20 25 30 35 40

R
 [

o
h
m

] 

Sett [threads/cm] 

Resistance for different setts 

RW ≠ RP 

0

2

4

6

8

10

12

14

16

10 15 20 25 30 35 40

ρ
S
 [

o
h
m

/s
q

u
ar

e]
 

Sett [threads/cm] 

Surface resistivity 

RW ≠ RP 

ρ - circular 



71 

 

 

Fig. 55  Surface resistivity values for circular electrodes considering correction coefficient kc   

 (RW = 1100  and RP = 700 ). 

4.6.4 Conclusions for resistivity modelling for concentric ring probes 

considering different yarns in warp and weft 

Resistivity modelling for concentric ring probes with different values of warp and weft 

yarn considers the assumptions 1 – 5 are valid, surface resistivity is calculated from modelled 

resistance (65) and (66), concentric ring probes limits the textile specimen which creates a 

pattern of resistor network and surface resistivity is chosen for comparison because of simple 

multiplication of modelled resistance with appropriate coefficient.  

The results for resistance evaluation depicted in Fig. 47, Fig. 50 and Fig. 54 respect 

logical thinking of dependences, i.e. resultant resistance increases with increasing dimension 

of outer electrode, which means textile specimen increases as well, resultant resistance 

increases with increasing resistance values of warp yarn and resultant resistance decreases 

with increasing value of sett due to smaller value of modelled resistor RW’ and RP’ for 

increasing sett.  

Surface resistivity for concentric ring probes is calculated according to (65), which 

means it follows the same slope of a curve as resultant resistance values shifted by 

geometrical coefficient of electrodes, Fig. 52 and Fig. 54, for the cases of different textile 

specimen. In the case of one textile specimen and a change of used electrode dimensions, the 

resultant surface resistivity remains almost constant, Fig. 48. Fluctuations in curve 

smoothness can be caused by resistor calculation in the margins of electrodes. 

Results with considered correction coefficient kc = 3.58 show only the shift of the curve 

in comparison with results without considering kc, Fig. 49, Fig. 52 and Fig. 55. 
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Surface resistivity values of this modified model are considered to be valid because the 

resistivity modelling for different yarns in warp and weft is based on the same modelling 

principle as described in chapters 4.5.1 – 4.5.4. However it can be also verified by substation 

of different values of RW and RP with the same values, i.e.  RW = RP, which corresponds to 

results presented in chapters 4.5.1 – 4.5.4. Results depicted in Fig. 57 – Fig. 59 show the same 

values for both cases and therefore it verifies the validity of the modified model. 

 

Fig. 56  Comparison of surface resistivity values for concentric ring electrodes considering model with and 

without differentiation of resistance values of warp and weft yarns (RW = RP = 700 ). 

 

 

Fig. 57  Comparison of surface resistivity values for concentric ring electrodes considering model with and 

without differentiation of resistance values of warp and weft yarns (RW = RP = Ryarn). 
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Fig. 58  Comparison of surface resistivity values for concentric ring electrodes considering model with and 

without differentiation of resistance values of warp and weft yarns (RW = RP). 
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5. Conclusions and future work 

5.1 Conclusions 

The summarization of thesis research contributions are as follows: 

- Analysis of electrical resistivity determination 

Chapter 1.4 presents current several standards which describe measurement 

procedure for electrical resistivity determination. Present measurement methods 

mainly use circular ring probes because of independence from weft and warp 

directions and inhomogeneity of planar textile material. Electrical resistivity is also 

determined by its definition as presented in chapter 4.1. Derivation is carried out for 

rectangular shape of electrodes and concentric ring probes.  

 

- Proposal of a model describing electrically conductive planar textile materials 

Chapter 4.2 presents several assumptions describing electrically conductive fabric 

with plain wave as a grid of resistors. Interlacing points are seen as ideal nodes and 

homogenous yarn is taken into account. Chapter 4.3 presents specific model for 

rectangular shapes of electrodes and defines the points with the same potential, 

which can simplify resistance calculation of the model.  

 

- Verification of possible simplifications of the model considering real electrically 

conductive textile material 

Chapter 4.3 presents verification of described assumptions by software and by 

inspection of real textile specimen. Measurement procedure is included in appendix. 

Three textile specimens are fabricated and surface resistance and volume resistance 

is measured for rectangular shape of electrodes. Results show conductive woven 

fabric with plain wave can be seen as a grid of resistors 

 

- Proposal of a generally applicable model for electrical resistivity determination 

Chapter 4.4 presents modelling of resistivity for concentric ring probes. This 

electrode setting is independent from weft and warp directions. Points with the same 

potential are located for square shape of concentric probes and the acquired piece of 

knowledge are used for concentric ring shape of electrodes.  
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- Verification of designed generally applicable model for electrical resistivity 

determination 

Chapter 4.5 presents verification of electrical resistivity modelling for concentric 

ring electrodes. Input parameters are changed and surface resistivity is compared. 

Surface resistivity is chosen for comparison because calculation of surface/volume 

resistivity from surface/volume resistance is obtained by coefficient multiplication. 

Surface resistivity is compared for both shapes of electrodes, i.e. square shape as 

special case of rectangular one (the difference rests in ratio of electrode dimensions) 

and circular ring shape. Moreover, chapter 4.6 presents modelling of resistivity for 

concentric ring probes considering different yarns in warp and weft. 

 

From the above it follows that the sub-goals and the main aim of this Doctoral thesis 

have been met. 

5.2 Future works 

Results from the modelling of electrical resistivity of electrically conductive textile 

materials can be profitably used during material engineering of new electrically conductive 

textile materials, which can be used for example for textile antennas, textile transmission lines 

or textile shielding covers realization. 

The proposal described in 4.5 and 4.6 for concentric ring probes can be further extended 

for different number of warp and weft sett. It can be achieved by addition zero rows or 

columns into matrix A, so the determinant can be calculated as well as resultant resistance. 

The proposal of a generally applicable model for electrical resistivity determination can 

be also extended for determination of electrical resistivity of the yarn.  
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Appendix 

1. Measurement of resistivity for rectangular shape of 

electrodes 

As described in chapter 4.1.2, the standard [20] introduces calculation of surface 

resistivity and surface resistance measurement for rectangular shapes of electrodes. Volume 

resistivity determination recommends using circular ring electrodes. However paper [40] 

presents also rectangular shapes of electrodes. 

 Considering surface and volume resistivity and surface and volume resistance 

definitions [20], surface and volume resistance of the specimen can be measured between two 

rectangular electrodes. Measuring devices such as galvanometer, direct-reading instruments, 

etc. can be used. Surface and volume resistivity are calculated for two rectangular electrodes 

as (11) and (12).  

The standard [20] is the only one from presented standards which describes 

measurement method for surface resistance measurement by rectangular electrodes. It is 

suitable only for insulating materials and therefore only the principle of measurement can be 

taken into account. 

The standard [19] presents in chapter called “General discussion” that the procedure of 

[19] is recommended instead of [20] for measuring the surface resistance of static dissipative 

planar materials, i.e. surface or volume resistance is in the range of 1.0 x 10
4
 to 1.0 x 10

11
 . 

However, measurement for rectangular shapes of electrodes is not mentioned. It only includes 

measurement for concentric ring electrodes. 

The standard [20] also presents commonly specified test voltages as 100, 250, 500, 

1000, 2500, 5000, 10 000 and 15 000 V. The [19] and [22] describes test voltages as 

100 VDC or 10 VDC. The [23] presents 100 ± 5 VDC power supply and if the resistance is 

less than 10
5
 , low voltage may be applied. The lower test voltage is obviously applied to 

materials with lower resistances. The reason is that the material can be dried, overheated and 

burnt during the test method. 

1.1 Measuring setup 

Resistance measuring for rectangular shape of electrodes is published in [93]. Direct-

reading instrument Voltcraft LCR 4080 multimeter and self-made measuring apparatus with 

rectangular electrodes are used as depicted in Fig. 59 and Fig. 60. The distance between 

rectangular electrodes of the measuring apparatus is variable. It is either 30 mm or 100 mm. 
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The width of each electrode is 30 mm. Each electrode consists of two cuboidal conductive 

materials, tightened by screws, placed on insulating material (Pertinax). Electrode setting 

enable to measure square of the specimen or specimen dimensions of 30 x 100 mm.    

 

Fig. 59  Resistance measurement settings (100 mm distance between electrodes). 

 

 

Fig. 60  Resistance measurement settings (30 mm distance between electrodes). 

 

1.2 Textile specimens 

Three textile specimens were fabricated for the measuring purposes, Fig. 61 – 63. It is 

marked as No. 60, No. 62 and No.64. Specimen No. 60 is manufactured from 30% SilveRstat, 

30% Shieldex and 40% PES (Polyester). Specimen No. 62 is manufactured from 30% 

SilveRstat, 30% Shieldex and 40% PES (Polyester) in warp and 60% SilveRstat and 40% PES 

in weft. No. 64 is manufactured from 30% SilveRstat, 30% Shieldex and 40% PES (Polyester) 
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in warp and 60% Shieldex and 40% PES in weft. All three specimens are characterized by 

25 threads/cm warp sett, 20 threads/cm weft and 35.5 tex. 

Diameter measurement of fibre is obtained by micrometre measurement and by 

microscopic examination, as author published in [85]. Fibre specimen is put and enlarged 

under the microscope. Diameter is then measured in different places of the fibre and average 

value is calculated. Fig. 64 depicts fibre detail of specimen No. 60 and its diameter 

measurement places are shown in Fig. 65.  

 

Fig. 61  Picture of textile specimen No. 60. 

 

 

Fig. 62  Picture of textile specimen No. 62. 
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Fig. 63  Picture of textile specimen No. 64. 

 

 

Fig. 64  Fibre detail of sample No. 60 under microscope. 

 

 

Fig. 65  Diameter measurement places of fibre from sample No. 60. 

 

1.3 Measurement results 

Measurement results are shown in Tab. IX. It shows two measurement settings: 

 Surface resistance measurement, distance between electrodes is 100 mm 

 Surface resistance measurement, distance between electrodes is 30 mm 

 Volume resistance measurement, distance between electrodes is 100 mm 

 Volume resistance measurement, distance between electrodes is 30 mm 

 

Width of each electrode is 30 mm, therefore measurement settings is indicated as square 

(30 x 30 mm) and rectangular one (30 x 100 mm) in Tab IX.  



80 

 

Each of specimen No. 62, No. 64 and No. 66 is measured three times in three different 

positions of one long appropriate specimen in the case of square measurement settings. Three 

different specimens of one textile specimen No. 62, No. 64 and No. 66 are measured in the 

case of rectangular measurement settings. Mean average is then calculated and compared, see 

Tab IX and Tab X. Comparison between resistance measurement of square and rectangular 

specimen is shown in Tab. XI. 

The results of diameter measurement by microscope examination confirm micrometric 

measuring, Tab XII. Average value of diameter got by microscope is d = 0.202 mm and 

sample standard deviation is equalled to s* = 0.026 mm. It includes the measurement value 

d = 0.210 mm obtained by micrometer Oxford Presision OXD-331-5010K with indicated 

value of accuracy ±0.004 mm. The average value is also specified by sample standard 

deviation, which corresponds to measurement of random sample of diameter. 

Parameter Rl, i.e. measured resistance of fibre with length lR, can be also measured by 

Voltcraft LRC 4080 Multimeter and self-made measuring apparatus with rectangular 

electrodes as shown in Fig. 59. Results for lR = 100 mm are depicted in Tab. XIII. Systematic 

error se = 0.027 Ω of Voltcraft LRC 4080 Multimeter has to be also considered in R’ 

calculation as shown in (35). 

Operating instructions of LCR Measuring Instrument 4080 describe measuring 

tolerances Cx in ± (% of the reading + number of digits = digit error) [98]. Resistance 

measuring range is sett to 20  and corresponding precision is Cx = ±(1.2%+8dgts). 

An example of parameter Cx calculation for measured value R = 1.295 Ω is: 

                    
   

   
                           (68) 

                   (69) 

TABLE IX.  MEASUREMENT RESULTS (56.8% HUMIDITY, 22.9 °C) 

Measurement 

setting 

Surface and Volume Resistance 

No. 60, R [Ω] No. 62, R [Ω] 
No. 64, R 

[Ω] 

Square, volume 

resistance 

1.295 
1.473 

1.315 

avg: 1.361 

1.309 
1.294 

1.235 

avg: 1.279 

1.269 
1.160 

1.172 

avg: 1.200 

Square, surface 

resistance 

1.358 

1.280 

1.329 
avg: 1.322 

1.293 

1.249 

1.213 
avg: 1.252 

1.194 

1.160 

1.197 
avg: 1.184 

Rectangular, 

volume 
resistance 

3.946 
3.934 

3.977 

avg: 3.952 

3.834 
3.950 

3.968 

avg: 3.917 

3.668 
3.671 

3.678 

avg: 3.672 

Rectangular, 
surface 

resistance 

3.933 

3.984 

3.953 
avg: 3.957 

3.850 

3.890 

3.977 
avg: 3.906 

3.644 

3.695 

3.670 
avg: 3.670 
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TABLE X.  COMPARISON OF RESULTS FOR SURFACE AND VOLUME RESISTANCE MEASUREMENT 

Measurement setting 
Measurement of Surface Resistance 

No. 60, R [Ω] No. 62, R [Ω] No. 64, R [Ω] 

Rectangular avg. value /  

Square avg. value 
2.993 3.120 3.100 

Ratio of electrodes 

distance (Rect. / Square) 
3.333 3.333 3.333 

Difference 0.340 0.213 0.233 

 Measurement of Volume Resistance 

Rectangular avg. value /  
Square avg. value 

2.904 3.063 3.060 

Ratio of electrodes 
distance (Rect. / Square) 

3.333 3.333 3.333 

Difference 0.429 0.270 0.273 

 

TABLE XI.  COMPARISON OF RESULTS FOR SQUARE AND RECTANGULAR SETTING 

Measurement setting 
Square setting 

No. 60, R [Ω] No. 62, R [Ω] No. 64, R [Ω] 

Volume avg. value /  
Surface avg. value 

1.03 1.022 1.014 

Percentage share [%]  3 2.2 1.4 

 Rectangular setting 

Volume avg. value /  

Surface avg. value 
0.998 1.003 1.001 

Percentage share [%] 0.2 0.3 0.1 

 

TABLE XII.  MEASUREMENT RESULTS OF FIBRE DIAMETER OF NO. 60 

Microscope diameter measurement [m] 

232 208 217 149 219 224 249 

185 215 221 227 206 232 226 

224 217 261 196 221 199 209 

206 242 228 214 174 189 138 

172 176 183 161 186 219 189 

188 204 181 170 174 173 151 

183 195 195 183 235 202 227 

Average [m] 201 

Sample standard deviation [m] 27 

Micrometric diameter measuring [m] 210 

 

TABLE XIII.  PARAMETERS FOR LENGTH OF R′ CALCULATION 

One fibre 

lR = 100 mm 

 Rl [Ω]  

331 

342 
348 

395 

 

379 

320 
277 

282 

avg: 335 

307 

358 

366 
313 
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