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Three-lead in vivo measurement method
for determining the skin-electrode
impedance of textile electrodes: A fast,
accurate and easy-to-use measurement
method suitable for characterization of
textile electrodes

Emanuel Gunnarsson ® and Fernando Seoane

Abstract

The rise of interest in wearable sensing of bioelectrical signals conducted via smart textile systems over the past decades
has resulted in many investigations on how to develop and evaluate such systems. All measurements of bioelectrical
signals are done by way of electrodes. The most critical parameter for an electrode is the skin-electrode impedance.
A common method for measuring skin-electrode impedance is the two-lead method, but it has limitations because it
relies on assumptions of symmetries of the body impedance in different parts of the body as well as of the skin-electrode
impedances. To address this, in this paper we present an easy-to-use and reliable three-lead in vivo method as a more
accurate alternative. Ve aim to show that the in vivo three-lead method overcomes all such limitations. We aim at
raising the awareness regarding the possibility to characterize textile electrodes using a correct, accurate and robust
method rather than limited and sometimes inadequate and uninformative methods. The three-lead in vivo method
eliminates the effect of body impedance as well as all other contact impedances during measurements. The method is
direct and measures only the skin-electrode impedance. This method is suitable for characterization of skin-electrode
interface of textile electrodes intended for both bioelectrical signals as well as for electrostimulation of the human body.
We foresee that the utilization of the three-lead in vivo method has the potential to impact the further development of
wearable sensing by enabling more accurate and reliable measurement of bioelectrical signals.

Keywords
Textile electrode, textrode, skin-electrode impedance, in vivo measurement, smart textile, wearable sensing, three-lead
measurement

Over the past two decades there has been an interest to
investigate the possibilities for the integration of meas-
urements of different biopotential signals, perhaps
most frequently the ECG, into different forms of textile
garments.' ® The possibility to use textile garments for
electrostimulation has also been investigated.” '® The
rationale for this endeavour is often to alleviate the
load on the healthcare sector. The European Union
anticipates that technological innovations such as
e-textiles could aid in the so-called silver-economy by
providing means for health monitoring.!" Many
researchers strive towards a degree of integration
where the electrodes are integral parts of the fabric of
the garment. The way to realize this integration is then
oftentimes to utilize electrically conductive yarns or

fibres. These yarns are used to knit or weave the elec-
trodes at specific sites when producing the fabric while
the rest of the fabric is made of some nonconductive
yarn. Techniques such as intarsia knitting and jacquard
weaving make this way of producing electrodes possi-
ble. Other ways include the use of specific fabric made
exclusively of conductive yarns that are cut and sewn
to form the electrodes or by coating a fabric with
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conductive material. A recent review of textile-based
electrodes and how to evaluate them by Le et al
gives at hand that the topic is of high interest to the
research community and that there is a need for a stan-
dardized way of evaluate them.'?

The usability of the electrodes relies on their perfor-
mance to let current pass across the interface with the
human skin. To evaluate a candidate electrode, it needs
to be characterized for this ability. One very common
property that is reported is the sheet resistance of the
fabric that constitutes the electrode,'> !> or sometimes
just the resistance of a particular electrode.' This value
can provide an indication of how the electrode will
perform; however, by itself it is not a reliable indicator
to predict the performance. The resistance and sheet
resistance are also of significant importance when
designing the conductive leads interconnecting differ-
ent element of the textile-electronics measurement sys-
tems. The currents flowing in the fabric are currents of
electrons. The currents flowing in the human body are
currents of ions. The impedance between the out-of-
plane of the fabric and the human body will thus
depend on many other factors in addition to the resis-
tance of the electrode material. The electrode will func-
tion as a transducer that converts ionic currents to
electronic currents and vice versa. In other words:
there is no transport of charge carriers across the inter-
face but rather the movement of the charged particles
in the body will present a time varying electrical field
seen by the electrode and a redistribution of the free
electrons in the metal side will result. Sometimes the
current running through the skin-electrode interface is
referred to as a displacement current (no material
transport across the interface) and the equivalent elec-
trical circuit models for such systems include capacitan-
ces which make the impedance frequency dependent.'®
Strictly speaking it is not a displacement current
because of the presence of free moving charges in the
body. This ability to transduce an ionic current to an
electronic current is the most significant measure of a
biopotential electrodes usability. A large portion of this
interface impedance stems from different properties of
the skin such as water content, concentration of
charged particles, the presence of fat, sweat, dead
tissue etc. These circumstances make the value of the
skin-electrode impedance vary depending on where on
the body the electrode is situated, when in time a mea-
surement is taken, from person to person. In other
words, the variability of the skin-electrode impedance
is quite large.'” Resistance and sheet resistance does
not provide sufficient information to judge if a candi-
date electrode will perform as desired.

There is a need to extend the measurements to
include the skin-electrode impedance in the relevant
frequency span for the intended application of

the electrodes.'®! Some studies have recognized the
contact impedance as being a crucial parameter, and
have used either method for estimation of its magni-
tude by in vivo two-lead measurements at discrete fre-
quency points,”® or in vivo two-lead frequency sweep
measurements,'® or two-lead frequency sweep measure-
ments on in vitro systems®' that do not reflect the
actual working conditions when used on a human
body. In this article we suggest an easy-to-use and
affordable method for conducting measurements that
will give at hand realistic values. These will immediate-
ly provide an indication as to whether the sample at
hand is feasible or not. In the following sections we will
quickly describe the skin-electrode interface and some
models of its conduction. We will present two cases:
one in which a liquid electrolyte resides between the
electrode and the skin (typical for conventional wet
electrodes) and one in which there is no electrolyte pre-
sent (typical for dry electrodes, as in the case of textr-
odes) and the commonly used electrical circuit models
for these cases. Ultimately, we describe a method of
taking in vivo measurements of the skin-clectrode
impedance that will provide useful readings for the
development of textile electrodes.

Background and theoretical assumptions

Electric current at an interface

The skin-electrode interface is rather complex, but even
in the case of two contacting macroscopically smooth
metal surfaces there is a certain contact impedance.
Mostly this stems from the constriction of the current
to pass via the microscopic contacting points between
the contacting members; this is called the constriction
resistance. The areas where the contacting members do
not touch each other will act as a capacitor in parallel
with the constriction resistance. Figure 1 shows a sche-
matic illustration of the constriction of the current at
an interface.

In the case of a time-varying current, the small gaps
between the contacting points act as capacitors and

Figure 1. The current J is constricted to flow through the
contacting asperities. The bulk of the mating contact members
can be described by their resistivity p.
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allow some displacement current to flow as well.
Furthermore, in most cases, there will be impurities
in the form of grease and oxides present on the surfaces
that will also contribute to alter the conduction of cur-
rent. These surface phenomena have been described in
detail by Ragnar Holm and other scientists following
him.??>?? In essence, even in the case of two solid metal
pieces there is an addition to the total impedance in the
form of a contact impedance. Such a circuit cannot be
described merely by the resistivities of the mating metal
pieces and their macroscopic geometries. From an engi-
neering point of view, one needs to bear in mind the
intended application of the construction one seeks to
materialize. In some cases, the contact resistances
might pose a problem and other times not. However,
in the case of a textile electrode intended to interface
with the human body the mere geometry will set con-
ditions that force one to consider the contact
impedance.

Sheet resistance

Sheet resistance is a material parameter used for thin
films. In order to be able to use the term at all, the
conductive body needs to have a homogencous thick-
ness. The sheet resistance, Rj, is defined as the quotient
between the resistivity of the conductive material, p,
and the thickness of the material, 7. Using the expres-
sion for the resistance of a homogeneous conductor of
length L and cross-sectional area 4 a relationship
between bulk resistance and sheet resistance can be
formulated:

Rzp%zp P2 _ Rl (1)

where L is the length of the conductor in the direction
of the current and w is the width normal to the direc-
tion of the current. The unit of the sheet resistance is
actually [Q], but to emphasize that it is a sheet resis-
tance the unit [Q/] is often used. As can be seen in
equation (1), if the resistivity is isotropic one can speak
of a single valued sheet resistance. In the case of elec-
trically conductive fabrics, the resistivity is dependent
on the orientation of the current. If a textile electrode is
made of interconnected conductive yarns, the conduc-
tivity within the plane of the fabric will depend on the
conductivity of the yarn itself, and also on the contact
impedance at the binding points between the yarns.**
Thus, already in the plane of the fabric, the conductiv-
ity can be anisotropic and to characterize a conductive
fabric properly by a sheet resistance fabric would need
to state a tensor of it. Tokarska and Gniotek have done
extensive work on both theoretical modelling and
experimental measurements of the in-plane resistance

of conductive fabric in which the authors have clearly
shown this anisotropy for different types of fabrics.?
The geometry of any fabric suggests that one cannot
rule out that the conductivity will be different in the
out-of-plane direction as compared with a given dimen-
sion in the plane. Even if one disregards these circum-
stances for a while and considers a conductive fabric as
a homogeneous and isotropic material then as seen in
equation (1) it is only the material property p together
with the geometrical factors that will determine the
value of the sheet resistance. The same reasoning
applies also for coated electrodes. Another reason
that the sheet resistance and linear resistance do not
aid in discriminating between good candidate electro-
des and worse electrodes is the fact that the mechanism
of conduction within the fabric is not the same as that
at the interface between the fabric and the human
body. This will be looked into in some detail in the
next section.

The skin-electrode interface

The electrical currents in the body mostly consist of
flowing ions and other charged particles. In contrast,
the currents in electrical leads always consist of flowing
electrons; this is most of the time also true for electrical
devices. The skin-electrode interface thus needs to
transduce the different kinds of currents to the other
kind. Ideally, the interface should present no imped-
ance at all in any direction, but this scenario is not
attainable in the real world. The interface will present
a certain impedance that restricts the flow of current
across the interface. It is worth bearing in mind that
when we talk about currents crossing the interface it is
just that: a current but not necessarily any transporta-
tion of particles across the interface. All dry so-called
polarizable electrodes of which pure metallic electrodes
are examples depend on displacement currents. The
moving particles on one side of the interface give rise
to a charge distribution that changes in time and this
changing charge distribution alters the electrical field
which induces a movement of charged particles on the
other side of the interface. In addition to displacement
currents, some (wet) electrodes have other mechanisms
for the current to pass the interface like redox reactions
at the electrode. It is thus a question of how the
medium that constitutes the interface reacts to the
time varying electrical field that determines the imped-
ance of the interface. This is a totally different way of
electrical conductance compared with the sheet resis-
tance or, for that matter, bulk resistance in a conduc-
tor, as discussed in the previous section. Hence there is
no theoretical ground for believing that the two param-
eters, sheet resistance and contact impedance, should
be correlated. The magnitude and phase shifting
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behavior of this interface will depend on a large
number of factors, most of which stem from the prop-
erties of the skin like water content, ion concentration,
number of dead cells, amount of fat tissue, number of
sweat glands and so on. In addition to these physiolog-
ical factors also the geometry of the interface will
influence the contact impedance. Different circuit the-
oretical models of varying levels of complexity have
been proposed for the contact impedance between
metallic electrodes and the human skin, also for the
case of textile electrodes. See for instance Beckmann
et al.,”! Medrano et al.?® and Webster and Clark?’
for detailed discussions of these models. In addition,
it is important to note that many of these were con-
ceived first as empirical models that aimed to fit exper-
imental data, rather than being strictly based on
physical principles. As such, they sometimes include
resistive elements simply as a means of achieving a
better fit to the experimental data, even if they do not
fully explain the underlying physical mechanisms at
play. Grimnes and Martinsen discusses the use of
these models as either descriptive or explanatory.>®
Most often disposable electrodes are equipped with
a layer of conductive gel. This gel has two benefits
when it comes to contact impedance: first, it lowers
the magnitude of the impedance and second it secures
the relative position of the electrode on the skin. The
conductive gel will fill out any cavities between the
electrode and the skin and hence those volumes will
be characterized by a (very low) pure resistivity. The
electrolytes in the gel aid in the redox reactions at the
interface. In the case of textile electrodes one long term
objective is to make them operate in a dry state. A dry
skin-electrode interface, textile or not, will most often
have some cavities of air between the electrode and

the skin. These cavities will act as capacitive elements
in the contact impedance. The lack of electrolytes also
obstructs the redox reactions. A sketch of the model for
a dry skin textile electrode proposed by Beckmann
et al. is depicted in Figure 2.%' The different ideal com-
ponents model the various mechanisms of current
transduction across the skin-electrode interface. Each
R || C link gives rise to a specific time constant (relax-
ation time). In an impedance spectrogram these relax-
ation times will be evident as more or less distinct
decreases in the magnitude plot at corresponding
frequencies.

Such an elaborate model is sometimes necessary to
use, but at other times, it will suffice to consider only
the dominating parts and hence reduce the complexity
of the model. The main purpose of this text is to
present an easy-to-use method for evaluating
textile electrodes, not to evaluate the models. In the
remainder of the text, in the case of wet commercial
electrodes we will only consider a model with one time-
constant and in the case of dry textile electrodes a
model with two time-constants. The most dominating
factors for our case will be the impedance of the
epidermis and the R || C link formed between the skin
and the textile electrode. These models are shown in
Figure 3.

The skin-clectrode impedance depends on many fac-
tors and most of these factors stem from the properties
of the skin. This puts some demands on the measure-
ments and reporting of the characteristic of a candidate
electrode. As the impedance will vary depending on
where on the body it is placed, when in time measure-
ments are taken, between different subjects and so on,
using a phantom instead of in vivo measurements to
evaluate the impedance can provide some information

Electrode

Epidermis

Dermis subcutis

AN S ...

T W o VP WS

Figure 2. Theoretical electric circuit model of the skin-electrode interface of a dry textile electrode adapted from Beckmann et al.!
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Figure 3. The most dominating factors for our purposes are the R, Cy and Rs. The Rg and Rg,;, have very small values compared to
Rs and the topology allows to collect these values into a single resistor labelled R;.

about the electrode’s performance, but it may not
always accurately reflect the performance on human
skin. These matters have already been pointed out by
Rosell et al.,'” and also by McAdams,*® hence we sug-
gest, in line with the suggestions of both Rosell et al.
and McAdams, that when reporting on the perfor-
mance or characteristics of a potential electrode the
impedance measurements should be done without any
skin preparation, on several subjects and preferably at
sites on the body relevant for the application. As the
skin-electrode impedance will display both resistive and
capacitive behavior, we suggest that when reporting
the skin-electrode impedance either some parameter
(Ca, R etc.) values should be included or that the
spectrogram over the frequency range relevant for the
intended application is reported. Another useful way
might be to state the absolute value of the impedance
at some specific frequency points that might be of par-
ticular interest. The measurements will have a large
variability but despite the potential for variability in
in vivo measurements, they are generally considered
to have higher predictive power than in vitro measure-
ments. This is because in vivo measurements provide
information about the electrode’s performance in
actual conditions, which can be influenced by factors
such as motion artifacts, sweat, and variations in skin
properties that are difficult to replicate in vitro. It is
also worth noting that there are methods for reducing
variability in in vivo measurements, such as using stan-
dardized measurement protocols, controlling for skin
hydration and temperature, and carefully selecting
study participants to minimize individual differences
in skin properties. By using such methods, it is possible
to obtain more reliable and consistent in vivo
measurements.

Measurements of impedance

The electrical impedance of a device (such as an elec-
trode, a semiconductor or a piece of biological tissue) is
the measure of how hard it is for a current to pass
through this device given a certain voltage across it.
This is stated formally in Ohms law for time varying
signals:

U=Z1 )

where Z = Z(w) in general is a function of the frequen-
cy of the current. From Ohms law we see that the quo-
tient of the voltage to the current will give the
impedance. By applying a controlled current to a
system and measuring the voltage between some suit-
able points, one can calculate the impedance of the
selected portion of the system. The impedance for the
two simplified models shown above in Figure 3 are
given by the equations:

R R, + R . wRyT
ZWet:R2+ 3 : = 2 12 —J 2 2
I +joRC 1+ (o) 1+ (o)

(€)

(Rz ’L'12 + R T22) ? + R+ R

(’512’622) w* + (’512 + ’522) w? +1

—l—jw(Rz T+ R n)une’+ (Rt + R)
(12?2 o* + (12 + 22) 0? + 1

ZDry -

4)

where T = R;C in equation (3) and 7, = R|Cy and 1, =
R,(C, in equation (4). As can be seen in equation (3), as
the frequency tends towards zero the impedance tends to
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R; + R, and as the frequency tends towards infinity the
impedance tends towards R,.

From a purely circuit theoretical point of view, when
making measurements of resistance or impedance one
can utilize three basic configurations: two, three or
four-lead measurement. First, the name ‘two-lead mea-
surement’” means that there are two leads in direct con-
tact with the sample one intends to measure, ‘three-lead
measurement’ means that three leads are in direct con-
tact with the sample, and ‘four-lead measurement’
means that four leads are in direct contact with the
sample. In all these cases one still needs four leads, it
is just that the ones that are not in direct contact with
the sample are connected to the circuit elsewhere. The
two-lead measurement will give as a result a value that
includes all impedances between the voltage measuring
points, the four-lead measurement will exclude the con-
tact impedances totally and, depending on the geomet-
rical positioning of the -electrodes, a three-lead
measurement can provide the exclusive value of a
single contact interface. These three basic configura-
tions are displayed graphically in Figure 4.

In all three configurations, there is virtually no cur-
rent running in the leads connecting the voltmeter to
the circuit due to the voltmeter’s very high input
impedance. In the two-lead measurement, the current
passes all the impedances, and hence the result in this
case will be:

V= (Z(;l + Zp + Ly + Z(,Q)I:>
=2 tead = Zet + Zpp + Zis + Z2 ()

If one is interested in measuring the impedance of
some material, for example, human tissue, and wishes
that the measurements will not include any contribu-
tion from contacts or cables then one can utilize the

four-lead measurement. Looking at Figure 4(b) one
can see that the voltage measured will not include the
drop across Z.1, Zyo, Zes, Zea, Zp Or Zpy so that:

V= (sz + Zb3)] =
= Z4—tead = L2 + Zp3 (6)

In Figure 4 the configuration of the leads shows that
the voltage pickup electrodes are placed closest to Z,
and Zp; and the current is running between Zj
and Z,4. As stated above, due to the high input imped-
ance of the voltmeter, no current is running through
Z. or Z., but the voltage measurement electrodes and
the current carrying electrodes could swap places and
the result would still be the same.’® Of course, one
could just as easily have measured Z,, Z;3, or any
combination of these three impedances using this
method.

Now in the three-lead configuration we can see that
the part of the sample, Z»4, now is part of a branch that
does not carry any current because it is in series con-
nection with the high impedance voltmeter, so the
potential of the high end of the voltmeter will be the
same as that where Z;3, Zp4 and Z., connected to each
other, that is, at one side of the contact Z,,. The poten-
tial at the low end of the voltmeter will be the one on
the other side of the contact Z., and hence we get:

V=Zol=

= Z37/ead = ZCZ (7)

What we have shown is that the three-lead configu-
ration gives a measured value of the skin-electrode
impedance which is a contact impedance. This config-
uration does not rely on any assumptions about

- -

-

Figure 4. The three basic configurations for the measurement of impedance. The dashed line indicates the boundaries of the sample
being measured. (a) In the two-lead measurement the value will include all impedances; (b) in the four-lead measurement only
Zp; + Zy3 will be included; and (c) in the three-lead measurement only Zwill be included.
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symmetries or knowledge about the tissue impedance
as they never enter the equation. The only assumption
is that the input impedance of the voltmeter is high
enough not to allow any current to leak into that
branch. This assumption is met by all modern volt-
meters. This configuration is the only one capable of
actually measuring the contact impedance between the
skin and the electrode. All other configurations will
only make estimations of the contact impedance.

In vivo measurement of contact impedance

The in vivo measurement of the skin-electrode imped-
ance is not a new possibility; it has been used within the
biomedical engineering field for decades.'’*' However,
as far as we could tell, within the research field of smart
textiles, it has not yet been widely adopted. Some
researchers have reported using a two-lead measure-
ment,'® but as shown above the use of this method
will give the result for two contacts and the biological
tissue between these contacts. When using the two-lead
measurement, to say something about the contact
impedance one needs to rely on assumptions of sym-
metries and of an accurate knowledge about the imped-
ance of the tissue. Others have reported on successive
two-lead measurements in which the impedance
between the candidate electrode and two standard
gelled electrodes and then again relying on symmetry
calculating the skin-electrode impedance, although in
this particular case the authors only reported the
impedance value at a single frequency: 20 Hz.>° Any
method that relies on two-lead measurements will not
actually measure the skin-electrode impedance but
rather make an estimation based on assumptions of
other parts of the system. As seen in equation (5),
one needs to know the magnitude of tissue impedance
(Zy> and Zp3) and then with the assumption that Z.; =
Z. one can make an estimate of the skin-electrode
impedance. However, even when using commercial
gelled Ag/AgCl electrodes it is not necessarily so that
the skin-electrode impedances for two such interfaces
will be identical. This is because the skin properties
might vary even at the scale of a few centimeters and
most of the impedance at the interface comes from the
skin, not the metal in the electrode.

In the text below, where we concentrate on the
three-lead measurement we will refer to the contact
impedances labelled Z.; and Z. in Figure 4 as auxil-
iary electrodes and the contact impedance Z,, as the
electrode under test.

Methods

To show the validity of the method and to indicate
the correctness of the experiments three types of tests

were performed. In the first test dummy cells with
known parameter values were used. In the second set
of tests, commercial gelled electrodes were used. In the
third set of tests, textrodes with (a) different sizes, (b)
exposed to different pressures and (c) different sheet
resistances were used. The same instrumentation was
used for all tests. Below we start by describing this
instrumentation and then we outline the details of the
three sets of tests. We also describe the material prop-
erties of the textrodes used.

Measurement instrumentation

In principle, what is needed to perform a three-lead
measurement is a signal generator and a device that
can measure, at the same time, the current through
the system and the voltage at two locations relative
to signal ground. Here we will demonstrate the use of
a multi-channel USB-oscilloscope with a built-in signal
generator, PicoScope 5442 D MSO, and a laptop, all
driven by batteries. A free third-party software for fre-
quency response analysis, FRA4PicoScope by Aaron
Hexamer,*” was used. An oscilloscope does not mea-
sure currents, so we used a shunting resistor with
known resistance and measured the voltage across it.
For convenience when measuring we built a simple
front-end where one can change the value of the shunt-
ing resistor. The practical implementation is schemati-
cally shown in Figure 5, and a photograph of the set-up
while measuring on a dummy cell is shown in Figure 6.
The software FRA4PicoScope drives the device under
test with a sinusoidal signal and sweeps the frequency
between values determined by the user. The software
then returns a matrix with the frequencies, the gain and

B...
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Figure 5. Schematic diagram of the set-up. The oscilloscope
provides the driving signal (blue line) and measures the voltages
directly above and below the electrode under test (Z).
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Laptop

Dummy cell

Oscilloscope with signal source

Front-end

Figure 6. A photograph of the set-up while measuring on a dummy cell. The front-end is mainly constructed for ease of use and the

shunting resistor can be changed if needed.

the phase of the measured system. The gain is
defined as:

G = 20log, (%“) 8)

mn

In our measurements U, = V; and Uy, = V5. Since
Vl = (Z(?Z + Rshunt)l

and

Vo =Znol

If we substitute these expressions into equation (8)
we end up with:

Zao
G =201 e
OF10 (ZCZ + Rshum‘

) = ZCZ - Rshunt(loi% - 1)

)

Depending on the settings (number of points per
decade, stimulus time, lowest frequency to be measured
etc.), to get one spectrogram takes only a couple of
minutes. For instance, the spectrograms reported
below in this paper were set to take 10 points per
decade, starting at 1Hz and going to either 10 kHz
or 100 kHz. Each measurement took about 2.5 minutes
to complete.

Electrodes and textrodes

Measurement |: dummy cells. To be sure that the method
provides numerically correct estimations, three dummy
cells made from discrete passive components (resistors
and capacitors) were measured. Resistors and capaci-
tors with 1% tolerance were used in the construction of
these dummies. The result of the measurement on one
of the cells is reported in the Results section below, the
expression for the impedance of that cell is given by:

R C> Ry>* + Ry + Ry
C22 R22 ? +1
.C22R22(02+C1 C2R22(1)2+1 (10)
/ Cy C22R220)3+C10)

VA

Measurement 2: commercial gelled electrodes. As a second
test, four in vivo measurements on the supine forearm
were conducted. The placement of the electrodes can be
seen in Figure 7. In these measurements commercial
gelled electrodes from Covidien were used. Before the
tests two electrodes were connected with their gel sides
facing each other and the electrode impedance was
measured to be 280Q < Z < 311Q. The first test was
done with all electrodes being equidistantly spaced. In
all the measurements the electrode under test was the
one labelled Zpyt in Figure 7. The signal input was at
Z. and the channel measuring /| was connected at
Z.3. In the two remaining measurements this symmetry
was broken. In the first asymmetric measurement
the signal inlet was moved to Z, and V; was still
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measured at Z.. In the second asymmetric measure-
ment the signal was applied at Z.; and V|, was mea-
sured at Z.4. These measurements were done to show
that we do not need to rely on symmetries.

To show that the body impedance does not influence
the measured value if one uses the proposed method,
two-lead and three-lead measurements were conducted
where the signal input was located at first at the foot
and then the stomach. After that, a test where the aux-
iliary electrodes had different contact impedances
towards the body was conducted to show that it does
not matter. In one case the Ambu BlueSensor R elec-
trode was used at the inlet of the signal at Z, and in
the other measurement the same kind of electrode was
used to measure V| at Z,s.

Measurement 3: textrodes. The two last tests were done
with textrodes. One where the same type of commercial
highly conductive fabric was used as a textrode. For
this test, four different surface areas of the textrode
were tested, a photograph of those textrodes can be
seen in Figure 8(a). Finally, a test using three different
textrodes as electrodes under test: one with a sheet
resistance of Ry = 24Q/[] then another one with the
sheet resistance of Ry = 0.5Q/0, and finally one with
Ry, =2.4Q/00, that is, 48 times difference between the

Figure 7. The forearm with glued on commercial electrodes
used to show the independence of symmetries when doing in
vivo in three-lead measurements.

highest and the lowest was executed, these are shown in
Figure 8(b). These two measurements were done to
show the usability of the method when evaluating
textrodes.

Results

Measurements on dummy cell

The measurement of one dummy cell is displayed in
Figure 9. The left panel shows the magnitude, and
the right panel shows the phase angle. The scattered
dots are the measured values, and the solid blue line
is the theoretical curve. The topology of the dummy
cell is also indicated in the figure.

As can be seen in Figure 9, the measurements are in
almost perfect match with the theoretical expression for
the magnitude. There is a slight deviation between the
theoretical and measured phase shift at some frequen-
cies, most notably at the high frequency end of the
spectrum.

Using the measured magnitude and the expression in
equation (10) in the curve fitting tool in Matlab, the
fitted parameter values became as in Table 1.

Measurements with commercial gelled electrodes

In the left panel of Figure 10, one can see the results of
three consecutive measurements, the set-up is varied in
three ways: first the current inlet electrode and the
electrode where V| is measured are placed at equal
distances from the electrode under test (symmetric
measurement); the next measurement was done with
the inlet electrode at a distance of approximately half
of the original one and the 7} electrode still at the same
position as in the first measurement (asymmetric 1).
Finally, the inlet electrode was moved back to its orig-
inal position and the V) electrode was moved to a
distance half of its original distance (asymmetric 2).

Ry =05 9/ Ry =24%Y, R,=240/

Figure 8. To the left textrode with four different surface areas. To the right three textrodes with very different sheet resistances.

The areas of these three electrodes are equal.
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Magnitude plot for dummy 1
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Figure 9. Results from measurement of a dummy cell. The left panel shows the magnitude of the impedance of a dummy cell.

The right panel shows the phase angle of the impedance.

Table I. Fitted and marked parameter values of one of the
dummy cells

Parameter Fitted value Marked value
R, 21.94kQ 22 kQ

R, 102.4 kQ 100 kQ

C 97.1 nF 0.1 uF

G I'l1.4nF 10 nF

Each measurement was repeated five times. The right
panel shows the magnitude plots of two measurements
where the electrode types for the current inlet and the
measurement of 7 (i.e. not the electrode under test but
the auxiliary electrodes) are changed to another com-
mercial gelled electrode, ‘Ambu BlueSensor R’.

The results of the comparative measurements using
the two-lead and three-lead methods and having the
inlet of the signal either at the foot or at the stomach
can be seen in Figure 11. The two two-lead measure-
ments include different amounts of body impedance
most notably in the lower span of the spectrum. The
three-lead method only measures the skin-electrode
impedance.

Measurements on textrodes

The results of varying the size of the textrodes are dis-
played in Figure 12. The impedance increases with
decreasing area over the whole frequency range. The
impedance of the smaller sample with 4.84 cm? presents
the largest magnitude, which is between 10 and 13
times larger than the impedance measured for the
sample with the larger area. The impedances for all
four samples display a somewhat flat frequency
response in the range 1 < f< 10Hz, after which a
decline in magnitude commences. The variability also
increases with decreasing area.

The magnitude plots in Figure 13 shows the results
from the measurements done with three textrodes with
very different sheet resistances. The general behavior of
all four samples displays the same behavior as seen in
Figure 12, a flat frequency response up until ¢. 10 Hz,
whereafter a decline begins. The values for the textrode
with the lowest sheet resistance, R, = 0.5Q/, are con-
sistently the highest across the whole frequency span,
the textrode with the intermediate sheet resistance,
R, =2.4Q/00, has the lowest values of skin-electrode
impedance across the whole spectrum and the textrode
with the highest sheet resistance, R, =24Q/[], has
values of the skin-electrode impedance that are all sit-
uated between the former two. The mean values of the
five measurements of impedance for each textrode, des-
ignated as Z; where the index i refers to the different
sheet resistances were calculated. Then the quotients
between the textrodes with R;=0.5Q/0, and
R, =24Q/0, to the textrode with R, =2.40Q/0,
were calculated, that is:

In Table 2 the mean values and standard deviations
per decade can be seen.

Discussion

In vivo versus in vitro measurements

As is evident from the results in Figures 10-13 even
when doing consecutive measurements right after
each other in a time span of 1 h on one subject without
moving the electrode, the variability of the measured
impedance is rather high especially in the low frequency
part of the spectrum. This variability has much of its
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Magnitude of the impedance vs frequency for
symetric and asymmetric measurements

Magnitude of the impedance vs frequency
for different electrodes at inlet and V1
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Figure 10. The resulting spectrograms of three measurements conducted on the supine side of the forearm.
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Figure I 1. Results of two-lead and three-lead methods. Both two-lead measurements include different amounts of body impedance

and two skin-electrode impedances, resulting in large differences at lower frequencies. The three-lead measurements only include the

skin-electrode impedance.

root in the physiology of the human skin. Thus, eval-
uating the usefulness of a candidate electrode in vivo
will give useful information as opposed to measuring
the gel-to-gel side of electrodes or to measure on a
phantom or any in vitro standardized substrate. This
is also pointed out by researchers in the biomedical

research field.'”?’ In essence measuring electrodes gel
to gel is equivalent to measure an electrode to a phan-
tom. What is being measured is the interface of the
metal in the electrode and the oftentimes highly con-
ductive gel or agar phantom. This is not equivalent to
the situation when the electrode is interfacing the
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Magnitude of impedance vs frequency
for different sizes of textrode
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Figure 12. The magnitudes of the impedances of all four textrodes with different surface areas.

Impedance magnitude vs frequency
for electrodes with different sheet resistance
[ ) ‘ 'RSZOASQ/D
T r ey preeee LRi-ma /o
NI TP Y
SRS FREE A R R RIS NS T N RN
daRER T T H TS
E : " H : llll‘ l .
SO 'Hfﬁgt:'wf'll‘pﬁ-ﬁ
TR Efites Mg
II.““A
3 iyl
10° =1
2 L i L il
10100 10" 102 10° 104
Frequency [Hz]

Figure 13. Magnitude plots of contact impedance between three textrodes and the supine forearm.

Table 2. Mean values and standard deviations of the quotients
between impedances for textrodes with different sheet
resistances

Frequency range Qi SD Q2 SD

1-10 4.30 2.194 1.97 0.709
10-100 5.52 1.705 1.79 0414
100-1000 4.99 0.321 1.64 0.072
1000-10,000 4.74 0.064 1.80 0.059

human skin. The variability of the impedance of the
human skin depending on the site on the body and
on the temporal conditions makes in vivo measure-
ments far superior for evaluating a candidate electrode.
For textrodes intended to work without the prepara-
tion of trained personnel, in a dry state with the stra-
tum corneum of the human skin intact measurements
must be done in vivo. The failing of characterizing the
Z might mean the difference between a recording or
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stimulation working or not. The wrong characteriza-
tion might mean energy wasting in the contact instead
of the body. McAdams®® has argued very convincingly
that even though an organization such as the
Association for the Advancement of Medical
Instrumentation recommends evaluating ECG electro-
des by measuring the gel-to gel impedance this is a test
that will not predict the performance of the electrode,
because what is being measured is the impedance
between the metal and the gel of the electrode. He espe-
cially points out the case of poor correlation between
this kind of measurement and the case of dry, cleaned
skin. As we have mentioned earlier a long-term goal for
the application of smart textiles intended for health
monitoring is to have the textrodes working in a dry
state with no skin preparation. This is an even more
severe deviation from the abraded skin situation in
which the correlation between gel-to-gel impedance
and skin-electrode impedance was good. The same
line of argument can also be seen in Eggins.>® The
author also recommends an in vivo three-lead set-up
for evaluating the electrode performance.

Adequacy of the method

To begin with, from a theoretical point of view this is
the only possible way of measuring a contact imped-
ance. Our measurements also supports that this can be
done in an easy and fast way. The machinery that we
have used can be changed in accordance with the needs
of the specific measurement one wishes to conduct. In
our case the set-up is prone to parasitic capacitances at
frequencies above ¢. 1 MHz. This tendency can be seen
in the phase plot of Figure 9; there is a clear decrease in
the phase angle commencing around 300 kHz and is
clearly visible at 1 MHz. For our purposes that is not a
problem because we mainly deal with biopotentials and
stimulations in which the relevant high frequency limit
never exceeds ¢. 10kHz.'"***3% The results in Figure 9
indicate that the set-up is capable of measuring accurately
in frequency spans relevant for most biopotential and
electrostimulation applications. The estimated values in
Table 1 are all less than 5% off from the marked values
except for C, which is 14% off. Probably the deviation of
the latter could be reduced even further if one optimized
the fitting routine in Matlab. Our prime goal with this
paper is to show that the proposed method measures
adequately. Once one then has obtained these measured
values one can use for instance the models proposed by
Beckmann et al. for characterization.!

The three-lead in vivo method

Our results and the discussion in the two foregoing
subsections all point to the rational conclusion that

for characterization of textrodes one should conduct
three-lead in vivo measurements. The implementation
of this methodology that we have presented will pro-
vide realistic and useful numbers when designing and
evaluating smart textile products. As previously men-
tioned, skin-electrode impedance measurements usually
display rather large variability in the lower frequency
regime. This is unfortunately also where the most infor-
mation resides in the case of biopotentials. A large set
of measurements needs to be conducted on a wide
range of individuals, representing the variety of skin
properties in a large population. This could provide
some mean value of the impedance that one could
use when dimensioning one’s measurement system.
Although that mean impedance most often does not
exist, or rather only a small part of the total population
has it. As an alternative to that approach, one could
instead go for a ‘worst-case scenario’. If the system is
intended to work on healthy adults in the age range of
25-50 years doing athletics, then one performs the
measurements on a small set of subjects in that catego-
ry. Most probably one will not encounter any problems
at all in that case because sweating will establish a good
contact and the impedance will be low. If the target
group is elderly people not performing intensive activ-
ities, the contact will be dry and poor. In this case, one
should concentrate the characterization on the worst
case (highest impedance) and design one’s smart textile
product according to that case.

The results displayed in the left panel of Figure 10
show that with the proposed method one does not need
to rely on any assumptions of symmetry of the mea-
surement set-up, as long as the channel measuring V' is
far enough away from the electrode under test. The
right panel of the same figure also shows that the aux-
iliary electrodes do not need to be identical, neither to
each other nor to the electrode under test. The results
in Figure 11 clearly indicate that the use of the three-
lead in vivo method does not need to be aided by sev-
eral measurements or assumptions of the magnitude of
the body impedance. It also shows that the proposed
method measures only the skin-electrode impedance
regardless of where the inlet of the signal is applied.
So, this method generates a measurement value for
each measurement taken. This can be contrasted with
the more cumbersome two-point measurement meth-
ods which require at least two measurements and that
do not actually measure but rather produce a single
estimate.'*?°

Sheet resistance

The results of Mestrovic et al.! indicate that there is no
overall correlation between either low yarn linear resis-
tance nor fabric resistance on the one hand and low
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skin-electrode impedance on the other, hence the mea-
surement of linear resistance or sheet resistance will not
suffice to make the proper choice of material when
fabricating textrodes. Likewise, as seen in Xiao
et al.,”® by looking at their Figure 5(d) and Table 4,
there is no correlation between sheet resistance and
skin-electrode impedance. This is also seen by our
results in this text. Figure 13 shows that the textrode
with the lowest sheet resistance, Ry = 0.5 Q/[J, has the
highest skin-electrode impedance while the textrode
with Ry =2.4 Q/O0 has intermediate impedance. In
addition, when it comes to measurements of biopoten-
tials the conductivity of the textile pathways due to
electrical design choices like the use of high input
impedance differential amplifiers should have no
direct impact on the measurement. Any potential
impact on the measurement results will most likely be
associated with parasitic effects. Therefore, as indicated
by Figure 13 when measuring electrode impedance, we
can see that there is no correlation between a low sheet
resistance and a low contact impedance.

Summary discussion

We have argued that the most important aspect when
designing textile electrodes intended for use as surface
electrodes on the human body is the contact impedance
between the electrode and the skin. Furthermore, we
have argued that measurements of such contact impe-
dances should be done in vivo. We have also demon-
strated a straightforward method for conducting such
in vivo measurements whereby we also showed in one
case that there is no correlation between sheet resis-
tance and contact impedance. The demonstrated
method does not depend on any assumptions of sym-
metry or any accurate knowledge of the tissue imped-
ance. The method is not uncommon in the field of
bioimpedance research, and we are convinced that the
smart textile field will benefit from taking it into use.
The reasoning leading up to equation (7) and the spec-
trograms in Figure 10 and Figure 13 indicates that the
proposed method does not depend on any geometrical
symmetry of applying the electrodes nor on the values
of the contact impedances of the auxiliary electrodes.
From the magnitude plots in Figure 13 one can see that
there is no correlation between the magnitude of the
sheet resistance of an electrode and the contact imped-
ance between said electrode and the human body,
hence the reporting of sheet resistance having very
little bearing on the feasibility for making a good elec-
trode from a given candidate material.

Conclusions

In order to measure skin-electrode impedance, in vivo
measurements are preferred as the impedance is mainly
determined by the properties of the living skin itself.
Impedance values measured between textrodes and
phantoms, or simulated human skin, may provide ini-
tial information, but cannot accurately reflect the situ-
ation on real human skin. The sheet resistance is not
enough to determine whether a textrode will result in a
low skin-electrode impedance because there are clearly
cases where no correlation between the two quantities
exist. The three-lead in vivo method is a low-cost, easy-
to-use, fast, and accurate way of evaluating textile bio-
potential electrodes. This method does not rely on any
assumptions about the equality of contacts or the sym-
metry of the tissue because these factors are not includ-
ed in the impedance calculation. Overall, in vivo
measurements are preferred for accurate evaluation of
skin-electrode impedance, and the three-lead in vivo
method is a useful tool for evaluating textile biopoten-
tial electrodes due to its simplicity, accuracy, and abil-
ity to avoid assumptions about the tissue properties.
Therefore, this method has the potential to improve
the research and development of smart textiles for
healthcare, leading to more efficient and effective
smart textile sensing systems.
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