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Abstract
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movement. Flexible and incompressible materials like conductive foam and fabric showed the best overall performance. The
negative effect of rigidity can partly be compensated by adding conducting foam, while soft materials can profit from an increase

of electrode area.
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Abstract—Differences in contact impedance of the ECG mea-
surement electrodes lead to asymmetries of the signal paths and
thus result in reduced common-mode rejection and artifacts.
Here, the imbalance of contact impedance is investigated for
different types of electrodes with capacitive coupling in terms
of static imbalance as well as dynamic variation during body
movement. Flexible and incompressible materials like conductive
foam and fabric showed the best overall performance. The
negative effect of rigidity can partly be compensated by adding
conducting foam, while soft materials can profit from an increase
of electrode area.

I. INTRODUCTION

For the detection of sporadically occurring arrhythmiae such
as atrial fibrillation, long-term monitoring of the electrocar-
diogram (ECG) is required. For that purpose, conventional
Holter ECG devices provide a wearing period of 24 to 48 h;
longer wearing times of up to 14 days are afforded by recently
proposed ECG patches [1]-[5], which were reported to exhibit
an improved detection rate of cardiac diseases [6]—[8].

All of these devices, however, use electrolytic gels for
galvanic coupling, which have a limited wearing time due to
drying out and were indicated to cause skin irritations and
even inflammation [9], [10]. To overcome these shortcom-
ings, electrodes with capacitive coupling have been proposed,
which dispense with direct skin contact (see, e.g., [11]). In
particular, the authors have recently proposed a small wearable
ECG device characterized by only passive components used
between electrodes and instrumentation amplifier for the sake
of increased symmetry between the signal paths and hence
improved common mode rejection [12].

Aside from the signal paths within the electronic circuit,
the differences in the contact impedances of the electrodes
are a second source of asymmetries and open the door for
interference. These electrode artifacts are well known in ECG
applications, particularly in ambulatory use, and are mainly
addressed by use of appropriate algorithms for detection and,
as far as possible, compensation (see, e.g., [13], [14]). Here,
we investigate this imbalance of contact impedances detached
from further signal processing, quantify its effect during body
movement and test whether it can be reduced by use of
different electrode materials.

II. METHODS
A. Measurement System

1) Electrodes: The following six types of electrodes were
investigated, which couple the measurement system to the
human skin. All of them had a circular shape and, if not stated
otherwise, a diameter of 4.5 cm.

Co Copper plate electrode realized as a printed circuit board.

CoFo Same copper electrode as in 1 but combined with the
conductive foam in Fo.

Fo Conductive foam 5770 made of polyurethane foam coated
with copper and nickel, with a thickness of 3 mm.

Mol Moss embroidered electrode manufactured by ZSK
Stickmaschinen GmbH, Krefeld. For embroidering, the pure
silver coated yarn Statex Shieldex 33/10 dtex Z-turns with
a resistivity of < 4kQm~! was used.

Mo2 Same moss embroidered electrode as in Mol but with
diameter 6.75 cm, i.e., increased by 50 %.

Fa Conductive fabric electrode made of Shieldex Technik-
tex P130 (Statex, Bremen, Germany) with a thickness of
0.67 mm. This fabric is made of a raw material of 78 %
polyamide and 22 % elastomer, plated with 99 % pure silver
and coated with conductive silicone. To add stability, the
very thin fabric was mounted on the rather rigid conductive
foam E103-Hart provided by Schaumstofftechnik Niirnberg,
Germany.

The copper electrode Co represents the direct realization of
a capacitive coupling electrode as a PCB. A soft buffer from
conductive foam is added to this stiff plate in CoFo, in order to
increase the contact area. This conductive foam is investigated
as a stand-alone electrode in Fo. A similar material structure
is found in the electrodes made of conductive moss (Mol
and Mo2); the different diameters allow to study the effect
of electrode area on contact impedance. Finally, the fabric
provides a thin and flexible material.

2) Measurement Setup: The electrodes were connected
with electrode cables to a custom-made printed circuit board
(PCB). This data acquisition circuit was designed according to
[15] by use of Altium Designer V18.1.7. It is shown in Fig. 1.

©2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other works.



Z Electrode 1

Zs Electrode 3

AANA ()
/

Fig. 1. Measurement circuit.

a) Sensor principle: Three electrodes are applied to the
human body: The reference electrode no. 3, in all cases a
standard Ag/AgCl electrode fixed to the abdomen, is used
to feed a sinusoidal voltage Vi, into the body. Between the
remaining two electrodes no. 1 and 2, made of the materials
specified in II.A.1, the voltage is measured by use of an
instrumentation amplifier (IA). Different contact impedances
Z1 and Z, of electrodes 1 and 2, respectively, lead to an
asymmetric voltage drop over Z; and Z,, hence to different
input voltages to the IA and thus to a non-zero output Via out,
which is proportional to the relative impedance mismatch. This
impedance difference thus provides an amplitude modulating
signal for the carrier signal provided by the voltage source.
The demodulation is realized by a mixer and a subsequent
low-pass filter.

b) Hardware realization: The PCB is powered by a
conventional power bank with 5V/2.4 A output power. This
is converted to +5V/250mA dual-output power by use of
the DC/DC converter TPS65133 (Texas Instruments, Dallas,
Texas, USA).

The reference signal is generated on board by a Wien bridge
oscillator. Its design is based on the low noise and low distor-
tion operational amplifier LT1037 (Analog Devices, Norwood,
Massachusetts, USA) and follows [16]. As instrumentation
amplifier the INA 116 (Texas Instruments) was chosen due
to its input resistance of > 10'°Q and a differential input
capacitance of < 0.2 pF.

The output of the INA was acquired by use of the data ac-
quisition device NI USB-6009 (National Instruments, Austin,
Texas, USA), which is connected to a laptop via USB. Signals
were digitized with a sampling frequency of 12kSamples.

¢) Data processing: Further data processing was imple-
mented in Matlab (MathWorks, Natick, Massachusetts, USA),
version 2017b. The measured signal was band-pass filtered
at the reference frequency frf = 1.15kHz, demodulated and
finally smoothed by a moving root mean square filter with a
window width of 240 samples, i.e. 0.02s.

d) Patient’s safety: The PCB is powered by the power
bank, the data acquisition card by USB connection to the
laptop. With this laptop running in battery mode during

measurement, the entire system has no connection to mains
power supply as required by the European norm EN 60601-1
for patient’s safety.

B. Measurement Protocol

The electrodes under investigation were fixed on the left
side of the chest, close to the heart, by an elastic tape, in
order to simulate a setup where the electrodes are integrated
into textiles (Fig. 2). Isolation between electrode and skin
was provided by always the same cotton T-shirt. The study
population comprised 13 male participants (23-29 years old).

Fig. 2. Fixation of the electrodes to the chest by an elastic tape.

The study protocol comprised the following three phases:
1) Hands closed in front of the body; alternation of hands
pressed together and relaxed. This leads to an alternating
tension and relaxation of the chest muscles without body
movement.
2) Movements of the left arm
3) Movements of the right arm
All phases were performed sitting on a chair. The movement
phases consisted of 155 in rest, 30 s performing the specified
movement, 15s in rest and another 20s of movements. The
protocol was repeated for each kind of electrode. When
changing the electrode, the fixation tape remained on the body
in order to ensure unchanged fixation.
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Fig. 3. Static impedance imbalance.
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Fig. 4. Dynamic impedance imbalance.

C. Data Evaluation

The imbalance between the contact impedances of the
electrodes was quantified in the following two ways: As the
fixation of the electrodes might lead to a static imbalance,
the mean measured impedance imbalance at rest, (Z(Rest)),
was computed. For the motion-induced, i. e., dynamic changes
of the imbalance, the difference Ao between the standard
deviation in phase X (X = 1,2, 3) and the standard deviation
at rest were used. In the latter case, standard deviation of Ao
was obtained over all study subjects as an indicator of inter-
person variation.

III. RESULTS AND DISCUSSION

Figures 3 and 4 show the static and dynamic impedance
imbalances, respectively, for the various electrode types.

Static impedance imbalance varies between 270 and 480 k<2,
with the highest values found in the moss and the copper plate
electrodes. The performance of the former is improved by
adding foam (imbalance reduced by 29 % in CoFo compared
to Co). Also an increase in electrode area is found to decrease
the imbalance, as can be seen when comparing Mol and
Mo2 (reduction by 37 % due to an increase of diameter by
50 %). The smallest impedance imbalance value is exhibited
by the foam electrode, while the fabric electrode shows an
intermediate performance.

The dynamic impedance imbalance is shown separately for
each electrode type and each study protocol phase in Fig. 4(a);
the average over all electrode types is given on the right side
of the plot. This average behavior is found in all different
types of electrodes except for one case (CoFo): Phase 2, i.e.,
movement of the left arm has a strong effect on the nearby
electrodes, whereas phase 3, i.e., movement of the right arm
has the smallest impact on the contact impedance imbalance,
even compared to chest muscle tension. This is explained
by the sufficiently large distance between right arm and the
electrodes attached close to the heart and a fixation that is
hardly affected by movements of this arm (see also Fig. 2).

The overall performance of the electrode types is summa-
rized in Fig. 4(b). The smallest sensitivity against movement
artifacts is found in the foam and the fabric electrodes with
mean standard deviation change of 25 and 20 k(2. Again, the
moss embroidered electrode exhibits the largest Ao (72kSQ),
followed by the rigid copper plate electrode (46 k€2). As for the
static imbalance, the addition of conductive foam and increase
of the electrode area improves the performance.

The inter-person variation, as indicated by the error bars,
approximately agrees with Ao itself. Hence, the lowest vari-
ation is found in the foam and fabric electrodes.

The rigid form of the pure copper electrode Co is assumed
to be the main cause of its high tendency to contact impedance
imbalances (see also the evaluation of an ECG system with
these electrodes under body movements [17]): The electrode
cannot adapt to the uneven body surface, such that gaps
between electrode, T-shirt and skin result. Adding foam can
partly compensate this effect but does not reach the flexibility
that is provided by the pure foam and fabric electrodes. The
moss, however, while being sufficiently flexible, is highly
compressible, which is assumed to be responsible for the
observed large variations in contact impedance and for the
resulting sensitivity against motion artifacts.

IV. SUMMARY AND OUTLOOK

The material of the electrodes for ECG capture has a strong
impact both on the static contact impedance (im)balance and
on its dynamic behavior induced by body movement. The
best overall performance was found in the electrodes made
of flexible and incompressible material, whereas the rigid and
soft materials exhibited the highest tendency to imbalances.

Further research steps will include an investigation of con-
tact impedance with larger study population and protocol as
well as an exploration of approaches to compensate for im-
balances by hardware means. Furthermore, sources of motion
artifacts beyond contact impedance imbalance and potential
countermeasures have to be surveyed in order to realize robust
capacitive ECG system applicable for daily use.
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