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Abstract: The electrical characterization of textile materials is becoming a key engineering task since 
the introduction of conductive fibres and the corresponding evolution of the textile electronic circuits. 
Not only conductors/resistors, but also inductors and capacitors can be constructed using a 
combination of conductive fibres and conventional non-conductive fibres in an appropriately designed 
fabric structure. This way all the fundamental constituents of a passive electronic circuit can be part of 
the fabric itself and thereupon a vast variety of different electronic circuits can be integrated into textile 
fabrics. Of key importance towards this direction is the accurate modelling of the textile electrical 
components. Based on accurate models the textile electronic circuits could be easily designed and 
simulated before their implementation. However, for the accurate modelling of textile circuit elements, 
the accurate electrical characterization is pre-required. In this work we focus on the investigation of 
different methods for the electrical characterization of textiles. Two different measurement methods 
are proposed depending on the electrical component characteristics. Both of them are based on the 
same fabric interface apparatus combined with standard electronic instruments of different working 
bandwidths. 
Keywords: Conductive Fabrics, Wearable Electronics, Textile Impedance, Textile Resistors, Textile 
Inductors, Textile Capacitors. 

 
 
1. INTRODUCTION 
 
Contemporary textile fibres in their extended majority are made of polymers, natural or man-
made. The polymers are in general isolators because of their chemical structure. The 
dominating covalent bonds are the reason of the lack of free electrons which are the carriers 
of the electrical current in a conductor. Without free electrons in their structure the polymers 
behave as almost the ideal isolators. Typical values of the electrical conductivity (specific 
conductivity) for the polymers are: 10-12 (Ωm)-1 for Nylon up to 10-17 (Ωm)-1 for Polyethylene. 
Many methods have been examined and used for the increase of the electrical conductivity 
of the textile materials. All of them have their pros and cons. The selection of the most 
suitable method depends on the specific requirements and the availability of the auxiliary 
materials used. 
The known and often used methods for the development and the increase of the electrical 
conductivity are based on the use of [1,2]: 

 conductive particles (carbon, metal, CNT etc.) in the polymer mass before the spinning of 
the fibres, 

 metallic wires, tapes etc. between the fibres of the yarns, as well as use of stainless steel 
staple fibres spun in the traditional way, 

 conductive paste applied with laminating techniques on the surface of the fabrics, 

 metallization of the surface of the fibres with chemical and galvanic techniques. 
Although the polymers themselves in general are isolators, there are some chemical groups 
which show a typical conductivity often in the range of the semiconductors' conductivity. They 
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are the intrinsically conductive polymers, like the polyaniline, polypyrrole etc. In some 
extreme cases (e.g., doped polyacetylene with iodine) the conductivity can reach values 
between the conductivity of copper and the liquid mercury. This class of conductivity 
corresponds to the typical metal conductivity, however these conductive polymers suffer from 
the reduced mechanical properties and their use in the textile area is limited. 
Initially, the electrically conductive yarns, and the corresponding conductive textiles, became 
a target for the research and development organizations because they could be used for very 
important applications as the electrical heating of the garments and consequently of the 
human body (use of the Joule effect) and the electromagnetic protection and shielding (use 
of the Faraday principle). In parallel to these basic application fields the use of the conductive 
yarns for the manufacturing of antistatic uniforms, antistatic upholstery for cars, etc., but also 
for more demanding applications like wearable electronics is of increasing interest [2]. 
The electronic circuits are integrated in the textile structures using either conductive yarns 
appropriately integrated in the nonconductive textile structure or conductive materials that 
are ironed-on or screen-printed on the nonconductive textile. Actually, as analogous to the 
conventional printed circuit boards (PCBs) in classic electronics, a number of different 
approaches have been proposed to incorporate electric circuits into fabrics, for the 
production of the so-called “fabric circuits”. Among them one can mention the following: 

 embroidering conductive yarns onto fabric [3, 4], 

 weaving patterns with conductive and nonconductive yarns [5-7], 

 ironing-on or screen-printing conductors onto fabric [7-10],  

 laser-cutting conductive fabrics [8, 7], or  

 knitting fabrics with conductive and nonconductive yarns [11-13]. 
In this article we focus, beyond fabric circuits, on the use of conductive yarns for the design 
of complete passive textile electronic circuits. Not only conductors/resistors, but also 
inductors and capacitors can be constructed using a combination of conductive fibres and 
conventional non-conductive fibres in an appropriately designed fabric structure. This way all 
the fundamental constituents of a passive electronic circuit can be part of the fabric itself and 
thereupon a vast variety of different electronic circuits can be integrated into textile fabrics. 
Of key importance towards this direction is the accurate modelling of the textile electrical 
components. Based on accurate models the textile electronic circuits could be easily 
designed and simulated before their implementation. However, for the accurate modelling of 
textile circuit elements, the accurate electrical characterization is pre-required. In this work 
we present a study on different methods for the electrical characterization of textiles. Two 
different measurement methods are proposed depending on the electrical component 
characteristics. Both of them are based on the same fabric interface apparatus combined 
with standard electronic instruments of different working bandwidths. 

 
2. LCR MEASUREMENTS 

 
Electrical components (resistors, capacitors, inductors) are usually characterized by a special 
category of instruments called “LCR meters”. These are mainly low frequency measurements 
instruments where alternating current (AC) sinus test signals, usually at 100Hz, 1kHz, 10kHz, 
or more discrete frequencies, are used along with specific direct current (DC) bias voltages in 
order to trigger the component under characterization; the latter is usually referred to as 
“device under test”, (DUT). The test signal (AC) applied may affect the measurement result 
for some components. For example, ceramic capacitors depend on the test signal voltage 
according to the dielectric constant (K) of the material used, while cored-inductors depend on 
the test signal current due to the electromagnetic hysteresis of the core material. Moreover, 
the capacitance of high-K dielectric ceramic capacitors vary depending on the DC bias 
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voltage applied, while in the case of cored-inductors, the inductance varies according to the 
DC bias current flowing through the coil, due to the magnetic flux saturation characteristics of 
the core material. 
Different measurement methods have been proposed and successfully implemented for the 
electrical component characterization with LCR meters each one of them having its 
advantages and disadvantages (cf. Ref. [14] for a more detailed presentation). However, the 
most common, and cost-effective, methods are the different kinds of bridges, whose principle 
of operation is described in Figure 1. As soon as the bridge is balanced (the galvanometer at 
the center indicates zero current), then the unknown impedance ZX can be determined. 
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Figure 1. Principle of operation of bridge-based LCR meters. 
 
Several disadvantages, like the limited frequency range that can be covered by a single 
instrument, the use of discrete test frequencies, the limited range for automatic balance 
options, and the limited impedance modelling options led to more sophisticated electrical 
characterization methods for the accurate measurement of passive electrical/electronic 
components. In the following section two impedance analysis methods are presented. 
 
3. IMPEDANCE ANALYSIS METHODS 
 
The instrumentation field of impedance analysis, covered by the instruments called 
“impedance analyzers”, refers to the complete electrical characterization of unknown 
impedances vs. frequency, but often also vs. influencing parameters like the AC test signal 
level or the DC bias. 
Impedance ( Z ) is defined as the total opposition of a device or circuit to the flow of the AC 
current at a given frequency. Since impedance is generally a complex quantity, we often 
represent impedance as a vector in the resistance–reactance, R X , complex numbers 
plane, where the resistance axis is real, while the reactance axis is imaginary, as shown in 
Figure 2.a. In general, an impedance is fully described if both its real (resistive) and 

imaginary (reactive) part, or equivalently if its magnitude, Z , and phase angle, θ , are known 

for all frequencies. 
What is usually done after the measurement of the impedance is the curve fitting of the 
impedance magnitude by specific, pre-defined, functions that correspond to circuit models 
employing three or four ideal resistive / reactive circuit elements, as opposed to the usual 
practice of the two-element models followed by the LCR meters. Figure 3 shows some of the 
most popular equivalent circuits used to model real-world capacitors and inductors. 
Therefore, the key step of this electrical characterization procedure is the reliable 
measurement of the impedance of the DUT, which in our case is a “FUT” (Fabric Under 
Test). 
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Figure 2. (a) Cartesian and polar impedance representations. (b) Ideal capacitor and inductor 

impedance magnitude for different frequencies. For example, a capacitor of 1nF (red thick 
line) presents different impedance magnitudes for different frequencies (indicated by the 

dotted left arrows). The key frequencies for the investigated methods (20kHz and 120MHz) 
are noted by the vertical coloured lines (cf. Sec. 3.1 and 3.2 for more information). 

 
3.1. Impulse response based measurements 
 

It is difficult for the conductive terminals of the textile electronic circuits to have good 
electrical contact to the electrodes of the traditional testing equipment, preventing thus the 
reliable electrical characterization. Taking this constraint into account, a special testing bed 
has been developed for the reliable measurement through the application of pressure; 
appropriate pressure contact adaptors have to be used dependent on the type and size of 
the conductive textile terminals. Thus, the impulse response based impedance measurement 
is performed on a specially developed instrument comprised of an appropriate clamping 
device, a voltage divider circuit with selectable reference ohmic resistor, an appropriate 
signal generation and acquisition device, a power amplifier and a personal computer (pc). 
The block diagram of the test setup is depicted in Figure 4. 

The impedance of the fabric under test (FUT),  FUTZ , is calculated by solving the voltage 

divider formed by the selected reference resistor and the fabric as: 
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where refR  is the ohmic resistance of the selected reference resistor, and  H  is the 

transfer function characterizing the voltage divider: 
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Figure 3. Real world capacitor and inductor models used for electrical characterization 
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Figure 4. Test setup for the impulse response based electrical characterization method. 
 
This is computed by calculating the Fourier Transform of its measured impulse response 

 h t , i.e.,     H F h t . The impulse response is measured using an MLS-based 

measurement. The MLS-based impulse response measurement is based on the Maximum-
Length Sequence (MLS) signal which was introduced by D. Rife and J. Vanderkooy, [15]. 

An MLS, denoted here by   , 1,2,...,x n n N , is a periodic pseudo-random binary sequence 

that takes on the values  1, 1  . It can easily be generated by a shift register with feedback. 
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It possesses a crest factor (peak/RMS) of one (the lowest possible) and an RMS value of 
one, too. An MLS input signal, introduced to a linear system, can be used equally well for 
producing and measuring actual system output and for simulating it. As the MLS signal 
energy content is high, the MLS-based measurements provide very high signal-to-noise 
(SNR) ratios, and, hence, the MLS immunity to (broadband) noise is high. Despite the time 
domain similarity to white noise, the MLS stimulus is non-random and exactly repeatable. 
Of great practical interest is the “deconvolution” property of the MLS: the required system’s 
impulse response directly results after a cross-correlation operation between the excitation 
(input MLS signal) and the response (output) of the system under test. It is well known that 

the cross-correlation between the input  x t  and the output  y t  of a linear system is equal 

to the auto-correlation of the input convolved with the impulse response  h t . This is because 

the output results from (3), while (4) is valid due to the permutation property of convolution. 
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                   ,       xy xxR x t y t x t y t x t x t h t h t R x t     (4) 

 

When  x t  is the MLS, then     xxR x t t  and the right-hand side of (4) is just the pursuit 

 h t . Cross-correlation is denoted by xyR , while auto-correlation is denoted by xxR , and the 

symbol   denotes convolution in the time domain. 
This method provides a low cost alternative to impedance measurements. However, there 
are two restrictions concerning its reliable applicability if low cost is to be retained. Since 
most commercially available computer-based instruments that permit the application of this 
method are originally designed for audio measurements, the maximum possible working 
frequency is restricted to ~20kHz (blue vertical line in Figure 2.b), while the maximum 
possible reference resistance is ~1MΩ (green horizontal line in Figure 2.b). Therefore, using 
the ideal capacitor and inductor impedance magnitude diagram of Figure 2.b for the 20kHz 
frequency, denoted by the vertical blue line, we conclude that capacitors lower than 100pF 
and inductors lower than 100nH cannot be reliably measured by this method. 
 
3.2. Auto balancing bridge based (accurate V-I) measurements 
 

The auto balancing bridge method is widely employed in commercially available impedance 
analysers. We propose here its application for the electrical characterization of textiles, as an 
alternative measurement method, by employing the same fabric interface apparatus that was 
proposed in the case of the impulse response based method (Sec. 3.1), as illustrated in 
Figure 5. 
The specific method is actually based on the accurate measurement of voltage and current 

(accurate V-I). The impedance of the fabric under test,  FUTZ , is calculated by measuring 

the voltage across the fabric  FUTV  and the current passing through it  FUTI . The current 

is measured through an op-amp current to voltage converter, or a more sophisticated circuit, 

that measures a current     r FUTI I  passing through a sensing resistor, often referred to 

as “range resistor” rR . Then, the unknown impedance  FUTZ  can be calculated as 
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where     r r rV I R  is the voltage output of the current to voltage converter. 
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Figure 5. Test setup for the auto balancing bridge based electrical characterization method. 
 
The specific impedance measurement method offers a reliable solution in the frequency 
range 20Hz-120MHz. Using the ideal capacitor and inductor impedance magnitude diagram 
of Figure 2.b for the 120MHz frequency, denoted by the vertical brown line, we conclude that 
this method permits the reliable measurement of capacitors with values even lower than 1pF 
and inductors with values even lower than 1pH. However, it is a quite expensive solution; it is 
more than 30 times more expensive than the impulse response solution presented in Sec. 
3.1. 
 
4. CONCLUSSIONS 
 
Two methods, sharing the same fabric interface apparatus, have been proposed for the 
electrical characterization of Textile Electronic Circuits. The impulse response method offers 
a low-cost solution, however the working frequencies are restricted to ~20kHz leading to 
lowest possible reliably characterized reactive component values of 100pF and 100nH. The 
auto-balancing bridge (accurate V-I) method offers a reliable solution in the frequency range 
20Hz-120MHz permitting the reliable measurement of reactive components with values even 
lower than 1pF and 1pH; however it is a quite expensive solution (~X30 times higher cost). 
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