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Abstract
A lot of standards describe  resistance and resistivity measurement methods appropriate for a 
particular material or product. In the case of textile materials, some evolution has occurred 
in both the definitions and measurement techniques in the sphere of resistance and resistiv-
ity measurements. Some  standards outline a two-electrode measurement system for surface 
resistance. The sole volume nature of conduction current is assumed to appear in textile 
materials. This assumption leads to a specific relation between the volume Rv2 and “surface” 
resistances Rs (Rv1). In this study, it was also shown that in the case of standard electrodes, 
the parameter (Rv1/Rv2) h2  (where h is the sample thickness) should be constant. The value 
of this parameter, determined experimentally, was found to be constant for fabrics with a 
volume resistivity that changed over three orders of magnitude. However, the parameter value 
was much lower in comparison to that predicted theoretically. The phenomenon observed was 
explained by the influence of  additional contact resistance appearing between the sample 
surface and the rigid electrodes, as well as by the anisotropy of resistivity.
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	 Measurements of resistance 
in a three-electrode system

A cross section of a sample with elec-
trodes of circular symmetry is shown in 
Figure 1. The circular electrode system 
is commonly used to measure both sur-
face and volume resistance. A change in 
the character of the resistance measured 
is achieved by alternation in the connec-
tion system, as shown in Figure 2 (see 
page 48).

To analyse the role of a guard electrode, 
it is reasonable to consider the system for 
measuring the volume and surface resist-
ance separately.

In the case of measuring volume resist-
ance, as in Figure 2.A, the measuring 
voltage U applied between electrodes 
E1 and E3 enforces an electric field, es-
pecially its component normal to the sur-
face. The current flowing from of voltage 
U consists of volume – Iv and surface – Is 
components. If the system consists of two 
electrodes (lack of E2, or E2 electrode dis-
connected from the ground), then the cur-
rent Ix, measured by ammeter A is equal 
to the current Ix = I = Iv + Is flowing from 
the source i.e. it is the sum of both com-
ponents – the volume and surface. If elec-
trode E2 is connected, as in Figure 2.A, 
then the surface component of current Is 
flows outside the ammeter, and the current 
measured consists, almost exclusively, of 
volume component Iv. Current Is does not 
flow between electrodes E1 and E2 since 
they are almost equipotent. The only po-
tential difference between the electrodes 
is equal to the voltage drop at the inner 
resistance of the ammeter, which for com-
monly used electrometric measuring in-

struments does not exceed the value of 1V. 
Thus, ring electrode E2 plays the role of 
a guard electrode. The value of resistance 
Rv2, which is measured between elec-
trodes E1 and E3, can be determined, after 
neglecting the boundary effects, from the 
dependence:

2
1

2
4
d
hR vv π

ρ=                  (1)

where: d1 is the diameter of electrode E1, 
h the thickness of the sample of material 
tested, and ρv is the volume resistivity of 
the sample material.

For measuring surface resistance, the 
system shown in Figure 2.B is recom-
mended. In a three-electrode system, the 
surface resistance Rs is measured between 
electrodes E1 and E2, whereas electrode 
E3 serves as a guard electrode. The pro-
tective action of electrode E3 consists in 
the reduction of the normal component of 
the electric field, occurring between elec-
trodes E1 and E3, to a value close to zero, 
which significantly reduces or eliminates 
the value of the volume component of 
conduction current Iv. Current Ix, meas-
ured by ammeter A, is then determined 
mainly by the surface current Is. The sur-

n	 Introduction
The definition and methods of measur-
ing the volume and surface resistivity 
of electrical insulating materials have 
already been discussed and clearly de-
scribed in [1]. In determining both re-
sistivities, three – electrode systems are 
considered as the basic ones. On the one 
hand, the systems are capable of restrict-
ing the effect of surface currents, which 
influence the volume resistance (and re-
sistivity) during the measurement of vol-
ume current. On the other hand, they are 
able to reduce (or eliminate) the effect 
of the volume component of the current, 
which affects the surface resistance (and 
resistivity) during the measurement of 
the surface current.

Many standards concerning the measure-
ment of resistance and resistivity em-
ployed in textile materials recommend 
the usage of two-electrode systems for 
the measurement of surface (horizontal) 
resistance/resistivity [2 - 5]. It seems 
that in the case of textile materials with 
a very rich structure and highly devel-
oped surface, measurements of volume 
and “surface” resistances (measured in 
a two-electrode system) should correlate 
with each other. A basis for such a corre-
lation may be the assumption that a char-
acteristic conduction current (volume or 
surface), measured in a two-electrode 
system, flows through the bulk material. 
In consequence, the hypothesis (concern-
ing only textile materials and materials 
with a highly developed surface and non 
homogenous structure, like powder) calls 
into question the good sense of measuring 
both quantities i.e. the volume and sur-
face resistivity in a two-electrode system.

Figure 1. Circular electrode system for 
the measurement of the resistance of flat 
samples; d1 – d4 – electrode diameters, h – 
thickness of the sample of material tested.
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face current is enforced by the tangent 
component of the electric field occurring 
between electrodes E1 and E2, which 
are placed on the same surface of the 
object tested. Nevertheless, in this case 
the lines of the electric field would also 
penetrate into the bulk of the test material 
in the area enclosed between electrodes 
E1 and E2. The effect of the penetration 
could be removed by applying special 
measurement procedures [6]. An analy-
sis of electric field distribution in the 
electrode system shown in Figure 1 [7] 
indicates that the protective action of 
electrode E3 concerns the region be-
neath and in the closest neighbourhood 
of electrode E1. A simplified analysis 
of the problem under the assumption of 
there being no volume component of the 
current measured (i.e. Iv = 0 and Ix = Is) 
leads to a relationship which connects the 
surface resistance Rs and resistivity ρs, in 
the form:

1

2ln
2 d

dR s
s π

ρ
=                  (2)

where: d1, d2 are the radiuses of circular 
and ring electrodes E1 and E2, respec-
tively, and Rs is the value of surface re-
sistance measured (usually determined 
from the measurement of current Ix).

	 Measurement of surface 
resistance in a system with  
an insulated guard electrode

If a sample of the test material is located 
on a dielectric spacer with the resistance 
significantly exceeding the expected val-
ue of the volume resistance of the fabric 
[2 - 5], then it is not possible to control 
the potential on its bottom surface nor 
the distribution of the electric field inside 
the sample. The surface potential of the 
bottom surface of the sample located un-
der electrode E2 starts to rise (with the 
Maxwell time constant), and the lines 

of the electric field penetrate the fabric 
volume, which results in an increase in 
the volume component Iv of current Ix, 
measured by ammeter A, Figure 3.B. 
The three-electrode system transforms 
into a two electrode one. In consequence, 
the distribution of the electric field in the 
volume of the sample becomes more and 
more similar to the distribution existing 
in the system of concentric cylindrical 
electrodes, where the electric field pen-
etrates through the whole thickness of 
the coating tested – Figure 3.C. In spite 
of significant changes in both the electric 
field distribution and current flow, the 
standards mentioned recommend, also in 
this case, the application of dependence 
(2) to determine the (horizontal) surface 
resistivity ρs.

It should be pointed out that in the two 
electrode system, we can measure a cer-
tain value of resistance Rx existing be-
tween the electrodes, whose character 
(surface or volume) can only be antici-
pated with a preliminary assumption of 
the character of the current measured. We 
cannot predict in advance whether the 
current flows through the volume or the 
surface of the sample tested and are not 
able to control the path of its flow.

If we put forward the hypothesis that in 
the fabric the conduction current Ix flows 
exclusively in its volume, then the re-
sistance Rx can be determined from the 
dependence of the volume resistance of 
a plane-parallel sample equipped with 
a concentric system of cylindrical elec-
trodes, as shown in Figure 3.C.

In the case of ignoring (lack) the surface 
component of the current Ix measured 
– according to the hypothesis that there 
is only a volume component of the cur-
rent – the value of resistance Rv1 between 
the inner cylindrical electrode E1 and 

the outer ring electrode E2 can be deter-
mined from the dependence:
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where: d1, d2 are the radiuses of elec-
trodes E1 and E2, Rv1 the value of vol-
ume resistance estimated from the meas-
urement of current Ix flowing between 
electrodes E1 and E2, and h is the sample 
thickness. It should be noted that in this 
case the resistance Rx measured is the 
volume resistance Rv1 of the sample of 
test material (when current Ix flows in a 
tangential direction relative to the sample 
surface).

	 Comparison of bulk 
resistances in different 
electrode systems

Assuming that the ‘surface’ resistance 
measured in a two electrode system (with 
an insulating spacer) is in fact the vol-
ume resistance in a different electrode ar-
rangement, one could expect some corre-
lation between the ‘surface’ thus defined 
and volume resistances measured in a 
particular electrode system. In the case of 
the electrode system considered above, 
after dividing equation (3) by (1), we get:
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For standard electrodes, recommended 
by the above standards, i.e. d1 = 50.4 mm 
and d2 = 69.2 mm, we obtain:
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where: h is thickness of the sample in m. 

Dependence (6) highlights that the quo-
tient of the ’surface” resistance (here de-
noted as Rv1) and volume resistance Rv2 
multiplied by h2 should be constant for a 
particular electrode system.

n	 Measuring system
Measurements of resistance were carried 
out with the use of rigid electrodes ac-
cording to the procedure recommended 
by the standard [5]. For the resistance 
measurements a Kithley 6517A instru-
ment was applied. The measurements of 
resistances Rv1 and Rv2 were performed 
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Figure 2. Three-electrode system recommended for volume (A) and surface (B) resistance 
measurements of electrical insulating materials [1].

B)
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in the arrangements shown in Figures 
3.B and 2.A, respectively. As shown in 
Figure 3B, an insulating spacer, recom-
mended by the standards, was placed 
between the sample surface and elec-
trode E3 (measurement of Rv1). The 
measurements were carried out in air, 
in the following conditions: temperature  
T = 23 °C, relative humidity of air 
h = 40%, measuring voltage U = 10.0 V 
and U = 100.0 V. The measurements were 
conducted under the pressure of the elec-
trodes, without an elastic spacer placed 
on electrode E3. 

n	 Results of measurements
The measurements of resistances Rv2 and 
Rv1 were carried out for several kinds of 
fabrics. The material of the fibres and the 
results obtained with standard electrodes 
are collected in Table 1.

n	 Conclusions
The results of measurements presented 
lead to the following conclusions:
n	 the value of parameter (Rv1/Rv2)h2de-

termined from experimental data of 
fabrics with a volume resistance rang-
ing within three orders of magnitude 
varies in the range of 2.1 - 8.1×10-7 m-2, 
which confirms the previous hypoth-
esis, assuming that in the measure-
ments of ‘surface’ resistance in a two 
electrode system, the conduction cur-
rent flows in the volume of the sample;

n	 the value of parameter (Rv1/Rv2)h2 
determined from experimental data 
is lower than that given by depend-
ence (6). The discrepancy may follow 
from the occurrence of some addi-
tional resistance at the interface of the 
electrode-fabric. It may be assumed 
that the contact resistance, connected 
with the volume resistance of the sam-
ple in series, depends on the surface 
of the electrode, its pressure, as well 
as on the mechanical properties of the 
fibres and other factors. For the stand-
ard electrode system employed and 
average thickness of fabrics, relation  
Rv1 >> Rv2 should be valid. In con-
ditions where electrodes E1 and E3 
have a similar surface area, values of 
contact resistance exceeding resist-
ances Rv1 and Rv2 could be expected. 
Therefore, the influence of the contact 
resistance on the result of the meas-
urement of volume resistance Rv2 is 
higher than that on Rv1, which, in con-

sequence, leads to a reduction in the 
actual value of parameter (Rv1/Rv2)h2;

n	 another factor influencing the reduc-
tion in parameter (Rv1/Rv2)h2 may be 
the strong anisotropy of volume resis-
tivity ρv, which may be expected in 
the fabrics. Dependence (6) was deter-
mined considering the isotropic char-
acter of the volume resistivity. Minor 
differences in the values of parameter 
(Rv1/Rv2)h2 obtained for different fab-
rics may suggest that the anisotropy of 
the volume resistivity (measured as a 
ratio of volume resistances in normal 
and tangential directions relative to 
the fabric surface) is similar for all the 
fabrics.

Acknowledgment
The work was carried out within the Statutory 
Grant. 

References
  1.		 IEC Standard, Publication 93, Methods 

of test for volume resistivity and surface 

resistivity of solid electrical insulating 
materials. II Ed. 1980.

  2.		 Standard DIN 54  345, Beurteilung des 
elekrostatischen Verhaltens, 1972.

  3.		 Standard ISO 10965, Textile floor co-
verings - Determination of electrical 
resistance, 1998.

  4.		 Standard EN 1081, Resilient floor co-
verings - Determination of the electrical 
resistance, 1998.

  5.		 Norma PN-92/E-05203, Ochrona przed 
elektrycznością statyczną. Materiały i 
wyroby stosowane w obiektach oraz 
strefach zagrożonych wybuchem. Metody 
badania oporu elektrycznego właściwego 
i oporu upływu. 

  6.		 Siciński Z., Badanie materiałów elektro-
izolacyjnych. WNT, Warszawa,1968.

  7.		 Lisowski M. Pomiary rezystywności i 
przenikalności elektrycznej dielektryków 
stałych. Ofic. Wyd. Politechniki Wrocław-
skiej, Wrocław, 2004.

Table 1. Results of measurements of resistances Rv2 and Rv1 of selected fabrics obtained 
in a standard electrode arrangement at the measuring voltage U = 10 V; Rv2 (3E) – vol-
ume resistance measured between electrodes E1 and E3 in a three electrode system; Rv1 
(2E) – ‘surface’ and ‘horizontal’ resistance measured according to the standards between 
electrodes E1 and E2 in a two electrode system with a rigid insulating spacer placed on 
electrode E3. PA – polyamide fabrics (G) – thick, (C) – thin; PP-PA – polypropylene/polya-
mide fabric.

Fabric Rv2 (3E)×10-12, Ω Rv1 (2E)×10-12, Ω h, mm ρv (3E)×10-12, Ωm (Rv1/Rv2)h2×107, m2

Cotton 0.0075 – 0.0077 0.0090 – 0.0095 0.48 0.031 – 0.036 2.7-2.9
PA-G 11 – 15 1.5 – 2.7 0.60 36 – 39 3.6-8.1×10-7

PP-PA 2.0 – 3.0 1.7 – 1.8 0.66 6.1 – 9.1 2.5-4.0×10-7

PA-C 6.0 – 7.0 1.5 – 2.5 0.10 0.012 – 0.014 2.1-4.2×10-7

Figure 3. Evolution of a three electrode system for the measurement of the (horizontal) 
surface resistance in a system with an insulated guard electrode. (A) the state just after 
switching on the voltage, (B) a steady state, (C) an equivalent system of electrodes.
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