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Abstract
A textile electrode, which can be used for medicinal applications, especially in electro-
therapy, can be an example of a textronic product. This paper presents initial research 
on textile electroconductive materials which can be used as textile electrodes for muscle 
electrostimulation. Measurement results for the volume and surface resistance of selected 
electroconductive materials are presented. Dual and multipoint probes were used for the 
measurements. The surfer program and interpolation methods based on the Kriging inter-
polation algorithm were used to visualise the results received. For an inaccuracy assess-
ment of the resistance determination, the procedures described in the ‘guide to the expres-
sion of uncertainty in measurement’ were used.

Key words: textronics, textile electrodes, electro-conductive textile, surface resistance, vol-
ume resistence.

n	 Introduction
Electro-conductive textiles, due to their 
numerous potential applications, are 
currently under investigation by many 
researchers. Such textiles may occur in 
measuring systems in the form of textile 
sensors, as conductive paths connecting 
the sensor to the power system, transmis-
sion lines, or systems monitoring physi-
ological parameters. The interest in elec-
tro-conductive textiles results from the 
development of textronics [1, 2], which 
is a new branch of knowledge combin-
ing electronics and computer science 
with textile technologies. An example of 
a textronic product can be a textile elec-
trode. Electrodes used in medicine, espe-
cially in electrotherapy [3 - 5] should not 
cause any allergic reaction in the patient. 
Another important property of a good 
electrode is the skin-electrode contact. 
Textile electrodes should be elastic and 
flexible products. While investigating the 
contact between the electrode and human 
skin, one should pay special attention to 
natural changes in the skin (changes of 
humidity, temperature, structure). 

surface of the sample (textile electrode) 
determined by the measuring electrodes.

Producers of medical generators recom-
mend that the surface resistance between 
any point on the electrode should not 
exceed 300 Ω, in order to ensure good 
electro-conductive properties of the elec-
trode. Should the electrode have larger 
resistance, the current flowing could 
cause high temperature on the surface of 
the electrode, which could be dangerous 
and burn the skin. 

Methods described in the standards de-
voted to textiles [7, 8] define the equiva-
lent resistance of sheets of textile mate-
rial. These methods make it possible to 
determine the resistance of textiles of a 
relatively large surface. Textronic ap-
plications, including electrodes used for 
muscle stimulation, are products of rela-
tively small dimensions, therefore tradi-
tional methods could not be used for our 
purpose. It was important to determine 
the resistance distribution on a small 
sheet, as local resistance values are very 
significant for the application discussed. 
The first information on this subject is 
presented in paper [9], describing initial 
research.

In the article the authors suggest the ap-
plication of methods for measuring the 
resistance of textile materials which 
could be an alternative for the methods 
commonly used. In this way it is possible 
to determine whether a textile product 
is suitable for constructing textile elec-
trodes as a part of a textronic product. 
From literature and the market different 
kinds of textile electrodes are known 
that have different shapes and structures, 
some of which are made using knitting 
technology [5] or consist of an elastic 

A small value of surface resistance of the 
electrode is the main parameter of a prop-
er electro stimulation process. For manu-
facturing textile electrodes it is important 
to use, for example, yarns characterised 
by high conductivity, for instance silver 
polyamide yarns or cotton yarns wrapped 
round by stainless steel [6]. Textile elec-
trodes can also be made of carbon and 
metallic yarns [5]. 

It should be emphasised here that electric 
volume resistivity is a physical param-
eter of a material, which is the same for a 
textile electrode and does not depend on 
its shape or dimensions. It does depend, 
however, on the type of fiber or yarn the 
electrode is made of and on other elec-
troconductive elements used. However, 
in this paper we analysed the values of 
electrical resistance which depend on 
the dimensions of the sample and meas-
uring electrodes. For the volume resist-
ance, decisive is the distance between the 
measuring electrodes. On the other hand, 
considering the surface resistance, for the 
purpose of this paper, the authors intro-
duced a definition according to which the 
surface resistance at a given point is the 
surface resistance of a surface determined 
by the measurement configuration of the 
electrodes (relating to a small area) refer-
ring to an arbitrally chosen point on the 

Figure 1. Scheme of a textile composite electrode for electrostimulation (a), real photo of 
the structure (b).
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fabric [4]. An alternative for these solu-
tions can be a unique electrode, the con-
struction of which is described below.

Often the design of a textile electrode 
is based on a multilayered structure use 
of materials with good conductivity. An 
example is presented in Figure 1. In this 
case an elastic bandage was used as a 
textile base and polyurethane foam of 3 
mm thickness was the filling. The size of 
the electrode was 35 mm × 35 mm, and 
the active electro-stimulating surface was  
30 mm × 30 mm. The area of the elec-
trode can change depending on the pa-
tient’s body. The peripheries of the elec-
trode were made of electro-conductive 
yarns. 

This kind of electrode can be used in 
textronic systems for electro-stimulation 
in the form of a textile knee brace or el-
bow band. This system can be useful for 
muscle hardening when cramps occur as 
a result of the immobilisation of a limb 
(broken arm, leg) and also as a training 
device. We assumed that for the con-
struction of textile electrodes, the elec-
tro-conductive materials used should be 
widely available on the market and not 
too expensive; however, the most impor-
tant selection criterion was the resistance 
of the fabric. During initial selection, the 
authors also took into consideration the 
use of solid electro-conductive textile 
materials be characterised by good elas-
tic properties, and good fitting to the skin 
and shape of particular parts of the hu-
man body, which could make the electro-
stimulation process more effecient. 

The aim of this study was to determine 
which of the materials selected were suit-
able to be used as textile electrodes in 

Figure 3 presents a qualitative model 
of the resistance distribution on a textile 
electrode. The set of input quantities in-
cludes the value of current measurement 
I; the set of output quantities is the re-
sistance measured R, and its distribution; 
the set of constant quantities contains the 
pressure force F, kind of material M, ge-
ometrical size G of the textile electrode 
and the measurement voltage U. In the 
group of disturbances there are the fol-
lowing: atmospheric pressure PA, elec-
tromagnetic interference E, ambient tem-
perature Ta, and relative humidity RH.

The dimensions of the electro-conductive 
material investigated were 60mm×60mm. 
Measurements of the resistance on the 
surface of the electrode were carried out 
by means of two types of testing probes, 
placed on each of the two neighbouring 
measuring fields on the electro-conduc-
tive materials, creating a matrix of the 
resistance distribution. The first method 
is based on measuring the resistance on 
the surface using two measuring probes 
of circular cross section (Figure 4). The 
average diameter of the measuring probe 
was 8 mm. The textile material tested 

electrotherapy considering the electric 
properties. 

n	 Materials
Other features were not taken into ac-
count while carrying out the tests. Three 
types of materials were selected for the 
tests: 
n	 electro-conductive silicone foil with 

silver particles, 
n	 electro-conductive woven fabric made 

of Nitril Static yarns, and 
n	 a graphite nonwoven. 

The basic parameters of the test materi-
als and their microscopic photos are pre-
sented in Table 1 and Figure 2.

n	 Research method
The resistance value is one of the most 
important parameters of textile materi-
als used as a textile electrode for muscle 
electro-stimulation. There are many ways 
of determining the resistance or resistiv-
ity of electro-conductive textile materi-
als. The standard [7] includes a method 
of determining the electrical resistivity 
of textiles. A method of testing the sur-
face resistivity of protective clothing is 
described in standard [8]. The method of 
determining the resistance of textile ma-
terials most commonly used is the four 
point measurement technique [9, 10]. 
Another way of sheet resistance meas-
urement is the Van der Pauw method [9]. 
Therefore it is important to clearly define 
measurements. For this purpose, a well-
defined qualitative model of the research 
object is needed. The authors initially 
define the factors which influence resist-
ance in textronic applications [2, 11]. 

Table 1. Characteristics of the electro-conductive materials investigated.

Kind of material Aerial density,
g/m2

Thickness,
mm

Electro-conductive
materials

Silicone foil 410 0.95 silver particles
Woven fabric plain weave    95 0.74 Nitril Static yarns
Nonwoven   65 0.64 graphite

Figure 2. Microscopic photos of electroconductive materials tested; a) silicone foil, b) 
Woven fabric plain weave, c) nonwoven.

a) b) c)

Figure 3. Qualitative model of resistance 
measurementof a textile electrode; I – cur-
rent, R - resistance; F - pressure force, M 
- kind of material, G - geometrical size of a 
textile electrode, U - measuring voltage, PA 
- atmospheric pressure, E- electromagnetic 
interference, Ta - ambient temperature, RH 
- relative humidity.

Figure 4. Simplified scheme of a stand for 
measuring surface resistance; 1 – textile 
electrode, 2 – dual point probes, 3 – Agil-
lent 6.5 Digits Mullimeter.
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was divided into measuring sectors, cre-
ating a matrix of 6 × 6 measuring fields.

A scheme of the measuring stand is pre-
sented in Figure 4. Two measuring elec-
trodes (2) were connected to an Agilent 
34401A Digital Multimeter (3) with a 
reading inaccuracy of 0.010% and range 
inaccuracy of 0.001%. The multimeter 
was used to read resistance values of the 
samples investigated.

In the second case, the measurement of 
volume resistance was carried out by 
means of two specially constructed mul-
ti-point probes, between which a textile 
electrode was placed (Figure 5). The 
distance le between the measuring probes 
was 10 mm one from the other, the di-
ameter de of the measurement probes - 
10 mm, and the thickness of the sample 
measured (textile electrode) d was cho-
sen as about 1 mm. 

In order to precisely position the meas-
uring electrodes and secure a constant 
pressing force, four crossrails were used, 
placed in the corners of the measuring 
device. The measurements were carried 
out at a constant pressure of 2725 Pa 

The ends of the individual coaxial upper 
and lower probes of the measuring elec-
trodes (2) & (1) were connected to the 
Agilent 34401A Digital Multimeter (4). 

n	 Results of mearements
Measurements of the surface and volume 
resistance were conducted in the fol-
lowing conditions: ambient temperature  
Ta = 24.5 ± 2 °C, and relative humidity 
RH = 45 ± 3%.

As a result of the resistance measure-
ments, the surface and volume resistance 
distribution on the textile material were 
obtained. Local resistance values were 
calculated on the basis of nine measure-
ments. In the case of silicone foil with 
silver particles, the surface resistance 
changed in the range of 0.30 Ω to 0.63 Ω. 
In the case of woven fabric made of Ni-
tril Static yarn, it changed in the range of 

Figure 5. Simplified scheme of the volume resistance measurement stand, 1 – upper mul-
tipoint measurement probe, 2 – lower multipoint measurement probe, 3 – textile electrode, 
4 – Agillent 6.5 Digits Mullimeter, 5 – crossrails, F – preasurre force

Figure 7. Example of the volume resistance distribution on a textile electrode: 1 – electro-conductive silicone foilwith silver particles, 
2 – woven fabric, made of Nitril Static yarn, 3 – graphite nonwoven.

Figure 6. Example of the surface resistance distribution on a textile electrode: 1 – electro-conductive silicone foil with silver particles, 
2 – woven fabric made of Nitril Static yarn, 3 – graphite nonwoven.

a) b) c)

a) b) c)
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1.39 Ω to 3.13Ω. As for graphite nonwo-
ven, it was from 15.99 Ω to 55.99 Ω. 

The volume resistances changed as fol-
lows: in the case of silicone foil with 
silver particles - in the range of 0.05 Ω 
to 1.18 Ω, in the case of woven fabric 
made from Nitril Static yarns - in the 
range of 1.52 Ω to 23.70 Ω, and in the 
case of graphite nonwoven - from 0.07 Ω 
to 56.82 Ω. For both measurement results 
mentioned above, an analysis of inaccu-
racy was conducted.

Figures 6 and 7 present examples of the 
surface resistance and volume resistance 
distribution, respectively, on the materi-
als investigated. The figures show the 
average results of ten measurements for 
each textile sample. 

The Surfer program was used to visualise 
the results received. The software uses an 
interpolation method based on the algo-
rithm of multidimensional Kriging inter-
polation. The algorithm was used because 
of the fact that there is some connection 
between the measuring points (the so-
called significant autocorrelation), and 
on the basis of the adjacent points it is 
possible to determine the value of the in-
termediate points, although the value of 
an unknown point is not fully dependent 
on the values of the adjacent measuring 
points.

	 Assessment of the inaccuracy 
of the resistance measurements

An analysis of the inaccuracy of deter-
mining the resistance R was carried out 
on the basis of the uncertainty theory 
[12]. Complex uncertainty is defined by 
the formula below:

U(R) = k uc(R)              (1)
where:
k 	 - the coefficient of expansion (k = 2 

for the confidence level of 0.95),
uc(R)	- the combined standard uncertain-

ty of the estimate R.

The relative uncertainty of the measure-
ment is determined by the following for-
mula:

%100)()(
R
RURU rel =           (2)

An inaccuracy analysis of the surface 
and volume resistance of the electro-
conductive materials investigated was 
conducted. Calculations of the stand-
ard uncertainties were made using the 
B type method with an assumption of the 
uniform distribution of possible values 
within the interval. In Table 2 a budget 
of the uncertainty of the surface resist-
ance for a selected point is shown. An 
estimate of the input quantity value was 
calculated on the basis of nine repeated 
measurements.

In Table 3 a budget of the uncertainty of 
the volume resistance Rv for a selected 
point is shown.

In the case of surface resistances, the 
relative uncertainty changes from 4.6 to 
75.9%. In the case of volume resistances 
the relative uncertainty changes from 
0.2% to 54.1%. The variable relative un-
certainty is connected with the heteroge-
neous structure of the electro-conductive 
materials investigated.

n	 Discussion and conclusion
n	 The construction of textile electrodes 

is quite complex and consists of sev-

eral stages. The most important seems 
to be the selection of proper textile 
electroconductive material. In order to 
choose it, it is necessary to properly 
measure the local resistances of elec-
tro-conductive textiles in small areas 
(high resolution).

n	 Measurements of the local surface and 
volume resistance of electro-conduc-
tive materials at selected ambient con-
ditions are characterised by a varying, 
relatively high uncertainty. 

n	 The results of the resistance measure-
ments conducted have proven that the 
materials investigated can be applied 
as electrodes in electrotherapy, espe-
cially for muscle electro-stimulation. 

n	 The resistance of the electrode was 
tested below the permissible value 
that producers of medical devices for 
electrotherapy recommend, i.e. the 
maximum resistance between every 
two points on the surface of the elec-
trode should not exceed 300 Ω. In 
our case the maximum local surface 
resistance values do not exceed 60 Ω, 
and the volume resistance does not ex-
ceed 57 Ω (this case concerns graphite 
nonwoven).
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Table 2. Uncertainty budget of the surface resistance measurement.

Kind
of material

Estimated  input 
quantity, Ω

Standard uncertainty
of Type A, Ω

Standard uncertainty
of Type B, Ω

Combined uncertainty 
square, Ω2

Complex 
uncertainty, Ω

Relative complex 
uncertainty, %

Silicone foil with 
silver particles   0.40 1.5∙10-2 5.8∙10-5 2.4∙10-4 0.03 7.5

Woven fabric made 
from Nitril Static yarn   2.09 9.8∙10-2 5.8∙10-5 9.6∙10-3 0.20 9.6

Graphite nonwoven 55.99 6.88 5.8∙10-5 47.39 13.77 24.6

Table 3. Uncertainty budget of the volume resistance.

Kind
of material

Estimated  input 
quantity, Ω

Standard uncertainty
of Type A, Ω

Standard uncertainty
of Type B, Ω

Combined uncertainty 
square, Ω2

Complex 
uncertainty, Ω

Relative complex 
uncertainty, %

Silicone foil with 
silver particles    0.21 2.5∙10-2 5.8∙10-5 6.5∙10-4 0.05 23.8

Woven fabric made 
from Nitril Static yarn   4.39 0.73 5.8∙10-5 0.53 1.45 33.0

Graphite nonwoven 15.98 1.70 5.8∙10-5 2.90 3.41 21.3
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