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Abstract

Patient biopotentials are usually measured with conventional disposable
Ag/AgCl electrodes. These electrodes provide excellent signal quality but
are irritating for long-term use. Skin preparation is usually required prior
to the application of electrodes such as shaving and cleansing with alcohol.
To overcome these difficulties, researchers and caregivers seek alternative
electrodes that would be acceptable in clinical and research environments.
Dry electrodes that operate without gel, adhesive or even skin preparation have
been studied for many decades. They are used in research applications, but they
have yet to achieve acceptance for medical use. So far, a complete comparison
and evaluation of dry electrodes is not well described in the literature. This
work compares dry electrodes for biomedical use and physiological research,
and reviews some novel systems developed for cardiac monitoring. Lastly, the
paper provides suggestions to develop a dry-electrode-based system for mobile
and long-term cardiac monitoring applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

As reported by the World Health Organization (WHO), cardiovascular diseases (CVDs) are
the principal cause of death globally (De Luna 1999, Dondi and Mut Bastos 2012). Circulatory
disease (such as heart attacks and stroke) is responsible for 30% of deaths throughout the world
(more than 15 million deaths per year) (De Luna 1999). Cardiovascular disease, including
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stroke, is the leading cause of mortality in the USA (40% of all deaths in 1995). In all Western
countries, ischemic heart disease accounts for the majority of deaths from heart disease. Low-
and middle-income countries are disproportionally affected, since more than 80% of cardiac
deaths take place in these countries and occur almost equally in men and women. According
to current trends, it is expected that by 2030, more than 23 million people will die from CVDs;
coronary artery disease (CAD) and strokes are projected to remain the single leading causes of
death (Dondi and Mut Bastos 2012). The increase of ischemic heart disease will continue until
2020, mainly due to the large increase in developing countries and economies in transition (De
Luna 1999). Although still the most prevalent of all forms of CVD, CAD has declined over
the last few decades in developed countries due to the introduction of prevention strategies.
The rate of decline could be accelerated further by means of effective education programmes
to reduce the associated risk factors (De Luna 1999). Individuals can reduce their risk of
CVDs by changes in lifestyle, for example, by engaging in physical activity, avoiding tobacco
use and choosing a healthy diet. However, these preventive measures are often incomplete or
insufficient and take time to have a clinical impact, while there are also other risk factors, such
as diabetes, which cannot be totally under the patient’s control.

Some developed and developing countries are also facing a significant problem because
of the ageing of their population. DeVol and Bedroussian (2007), in their Executive Summary
and Research Findings, stated that the incidence of stroke is rising, in large part because more
people are surviving to old age. Considering the costs related to the management of CVD
in the elderly population, as well as the associated co-morbidities, this increasing incidence
seen in developed and in low-to-middle income nations is an extremely important issue with
economic implications that physicians, governments and health care providers will need to
face (Dondi and Mut Bastos 2012).

In order to diagnose cardiovascular disease and check its development, if any, measuring
electrocardiogram remains an efficient technique and a clinical practice that records the
electrical activity of the heart. Usually, electrocardiogram monitoring and heart rate are carried
out in a hospital or at a doctor’s office. The measurement location is evolving from an intensive
care unit all the way to a homecare setting, as a consequence of the fast development of medical
devices and modern emerging technologies. The ultimate objective is to assist patients far
from the hospital, without interrupting their daily life activities. Notably, out-of-hospital care
decreases the high cost of prolonged in-hospital care (Park and Jayaraman 2010), and special
attention should be given to patient comfort, biocompatibility and operability by all types of
patients, especially elderly and disabled people.

The most commonly used bioelectrode in cardiology is the silver/silver chloride
(Ag/AgCl) type. It can be found in a reusable form, but is most often used as a disposable
electrode (Searle and Kirkup 2000). Usually, the caregiver applies these disposable electrodes
on specific sites of the skin, and then has to replace them after several hours of usage on
different sites, to avoid skin irritation or redness. For prolonged monitoring, researchers and
doctors seek a new alternative that can overcome these problems, but with the same diagnostic
efficiency. Dry electrodes seem to be a good alternative, but still need more quantitative
assessment to be accepted for clinical application.

Many publications have examined dry electrodes. Geddes and Valentinuzzi (1973)
reported that the first to study the impedance of dry electrodes was probably Lewes (1965). He
demonstrated the possibility of recording comparable electrocardiograms with dry polished
and gelled electrodes after about 6 min of application. Most papers did not compare gel and
dry electrodes, but the following three papers did compare between gel and dry electrodes.
The lack of standard measurement methods combined with human variability makes an
objective comparison difficult. Searle and Kirkup (2000) compared gel, dry and insulating
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electrodes. They evaluated the impedance and noise performance. They demonstrated that
dry and insulating electrodes perform better than the Ag/AgCl gel electrode if correctly
shielded. However, the intrinsic noise was not evaluated and the paper was limited to only
two specific electrode realizations. Chi et al (2010) reviewed dry, insulated and noncontact
electrodes for clinical use and provided their electrical models. Internal noise was analyzed for
several materials. But the data published in this paper were limited to a few electrode materials.
Gandhi er al (2011) examined new, inexpensive and nonirritating materials implemented as dry
and noncontact electrodes. Noise was assessed and their experiments showed that acceptable
ECG signals were obtained. They demonstrated that nontraditional electrode materials would
become increasingly important for medical use by offering comfortable, wireless and wearable
Sensors.

Most publications comparing dry electrodes to gel electrodes, or comparing different kinds
of dry electrodes, are qualitative studies. Several articles compare dry and gel electrodes. Many
others suggest ways to improve the dry electrodes’ performance. Each author designs a new
protocol that limits the generalization of his/her findings to a unique dry electrode. Considering
a protocol that characterizes a new dry electrode by the evaluation of motion artifact seems
an efficient tool. Searle and Kirkup (2000) examined motion artifact for dry electrodes and
found that artifact levels for dry electrodes were significantly higher than those for wet type
at the beginning of conducted trials and decreasing with time. Wiese et al (2005) developed a
protocol to evaluate degraded electrodes by adopting specific movements such as raise hands
above the head and touch fingertips, reach arms in front of the body and then move them
back, rotate side to side at hips once, cough and yawn. This work reviews the most relevant
publications on dry electrodes that can suggest how to design a new dry-electrode-based
system.

2. Background

The limits of conventional electrodes in some specific applications provide much room to
investigate novel alternatives that could perform better. The reasons to replace gel—electrodes
in the medical environment are then discussed.

Ag/AgCl electrodes in disposable form are widely used in medical applications (Carim
1988). The construction process and characteristics are well described (McAdams 2006,
Webster 2010). For brief recordings, gel electrodes provide excellent signal quality. Tam and
Webster (1977) noted that the gel and adhesive can provoke skin irritation because of the
presence of toxic compounds or sensitizing ingredients at a high concentration, but these are
not common in modern electrodes. Adhesive tape reactions have been ascribed to mechanical
irritation and, to a lesser degree, chemical irritation, but the main irritation may be due to
tearing off a thin layer of skin upon removal.

The repeated application of gel-electrodes leads to allergic contact dermatitis. A few
reports of allergic contact dermatitis from ECG-monitoring electrodes showed positive
reactions to more than one ingredient contained in the electrode (gel and adhesive). Uter
and Schwanitz (1996) assumed that repeated shaving (dry, blade) prior to the application of
electrodes may have nicked the skin and facilitated sensitization. Avenel-Audran et al (2003)
reported positive reactions from both the adhesive and the gel. Their patients did not react to
propylene glycol, which is a major component of the gel. The allergens are most commonly
associated with contact allergic reactions to electrode gels. The positive patch test result to
p-tert-butylphenolformaldehyde resin (PTBP-F-R) in their patients was 0.03 mg to the adhesive
and 0.1 mg to the gel. They assumed that the presence of propylene glycol in the gel enhanced
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the penetration of PTBP-F-R from the gel into the skin. Thus, it is good practice to change the
electrode sites daily.

Tam and Webster (1977) showed that prior skin abrasion at the electrode site improves the
quality of biopotential recording by minimizing skin impedance and motion artifacts that cause
changes in the skin potential. They quantified reduction with skin abrasion by counting the
sandpaper abrasion strokes. However, physically abrading the skin to reduce motion artifacts
is controversial. Olson et al (1979) indicated that skin abrasion is more important for brief
ECG recordings such as treadmill tests than for chronic ECG monitoring. Abrasion causes
substantial reductions in electrode—skin impedance, particularly at low frequencies.

Gel and dry electrodes are subject to noise, interference and motion artifact at different
levels. Dry electrodes are severely affected by motion artifacts right after the application, but
after a short settling time for perspiration to fill the skin—electrode gap, they have less noise
than the gel electrode (Searle and Kirkup 2000). The following section provides an overview
on noise, interference and motion artifact in order to understand their origins and how gel and
dry electrodes are affected.

e Due to the increasing use of cellular phones, computers and other digital electronics,
high frequency (HF) interference has become an increasing problem for both gel and
dry electrodes. Both the electrode wires and the patient pick up HF signals. Shielding
the amplifier input leads or using a passive low-pass filter at the amplifier input reduces
interference (Van der Host ef al 1998).

e Some health care organizations have banned the use of cellular phones in certain areas
such as intensive care units, operating rooms and cardiac catheterization laboratories
to avoid any electromagnetic interference (EMI), which may hinder the interpretation
of data or cause equipment to malfunction. Cellular telephones modulate their power
output on the basis of the strength of the incoming signal from the cellular tower. A
typical cellular telephone emits up to 0.600 W (Tri ef al 2001, 2005). Tri et al (2005)
tested a subset of medical devices found in a clinical or hospital environment with the
presence of cellular telephones in locations that were assumed to be vulnerable (typically
serial ports, cable connection ports or display interfaces). Their experiments revealed that
interference occurred in 44% of the tested devices, especially those displaying ECG or
EEG waveforms. The farthest distance where the EMI interaction occurred was between
0 and 32 inches (0-81 cm), which commonly appeared as the presence of noise on
the baseline (Tri et al 2001). The authors stated that the technology changes made by
the medical device manufacturers and the cellular telephone manufacturers appeared to
have progressively mitigated the effect of EMI. Claesson and Nilsson (2003) stated the
existence of interference in the most internationally widespread cellular telephone system
GSM. An interfering signal, generated due to the switching nature of the TDMA cellular
telephone system, is crystal generated and accurately known. It consists of the fundamental
frequency and its harmonics. The fundamental switching rate is approximately 217 Hz
when the mobile makes one radio access to the base station. An electromagnetic field
pulsating with this frequency and its harmonics disturbs the microphone signal, as well as
the electronic equipment in the vicinity (within 1-2 m) (Claesson and Rossholm 2005).

e One of the major problems in recording biopotentials is the unwanted 50/60 Hz
interference. The source of this interference is the ac power-line potential that is
unavoidably present in any clinical application. Electric and magnetic fields can be reduced
by using shielding with any highly conducting surface material and ferromagnetic material,
respectively (Huhta and Webster 1973). The level of power-line interference is proportional
to the imbalance between the electrode-to-skin impedance for the measurement electrodes
(e1, €): AZ = AZ, — Ze. The implementation of a buffer at the electrode sites, to
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build an active electrode, provides much less emphasis on the skin-to-electrode impedance
and considerably reduces the power-line interference (Fernandez and Pallas-Areny 1996).
The driven-right-leg (DRL) circuit used to reduce common mode interference affects
the differential mode in an unpredictable way and can increase the differential mode
interference (Gomez-Clapers et al 2011). Adli and Yamamoto (1998) showed that
the manual matching of the contact impedances using capacitors in parallel with a
potentiometer can reduce the power-line interference to a low value, namely about 1%
of the initial value, without using the DRL circuit or skin abrasion.

e Charge sensitivity is not reported much in the literature; it is a major problem for dry
and insulating electrodes. Bergey et al (1971) described the electrodes as acting ‘as an
electrometer’. The charge sensitivity of the devices is due to their high input impedance.
Insulating electrodes are most affected by this effect. Searle and Kirkup (2000) reported
that the gel electrode also suffers from this artifact. Moreover, insulated electrodes, used
without shielding, were influenced by a moving electric charge more than the dry electrode
types, but not as much as gel electrodes. Dry electrodes performed the best in the presence
of a moving electric charge even in the absence of shielding.

e The epidermis plays the most important role in the electrode-to-skin interface. This layer,
which is considered a membrane, is semipermeable to ions. But after abrasion it can
regenerate in as short a time as 24 h (Webster 2010). The outer layer of the epidermis, the
stratum corneum, is a layer of dead cells (Yamamoto and Yamamoto 1976b). Its thickness
varies between 20 and 70 ym. Motion artifact results primarily from mechanical stretching
of the skin and also from disturbances of the distribution of charge at the electrode—
electrolyte interface (Webster 2010). The skin electric conduction did not change during
the stretch. The baseline shift is caused by changes in the skin potential during mechanical
deformation (Burbank and Webster 1978). The potentials generated by skin stretch and
EMG noise are the greatest sources of artifact remaining in well-designed monitoring
systems. EMG artifact can often be reduced by proper electrode placement away from
muscles and low-pass filtering without creating signal distortion (De Talhouet and Webster
1996, Abicherli and Schmid 2009). Motion artifact has been a problem in biopotential
measurements at low frequencies, which is severe when the exercise electrocardiogram
ECG is recorded (Tam and Webster 1977). Motion artifact is increased when improper
ECG electrodes are used, when there is patient movement, poor mechanical attachment or
drying out of the gel, poor electrode placement and poor adherence of the electrodes to the
skin surface (Wiese et al 2005). Motion artifact becomes a much more pressing problem
for dry electrodes because of the absence of gel.

e In research studies, arrays of electrodes are widely used. The size of electrodes becomes a
critical parameter in their design. However, the use of gel could create a conductive path
between adjacent electrodes and then short circuit the array of electrodes or a portion of
it. As a remedy, dry electrodes would easily overcome this issue because initially there is
no moisture that can short circuit the array of electrodes (Lin et al 2011).

3. Dry electrode-to-skin electrical model

Analyzing the difference between gel and dry electrodes by modeling may lead to a better
understanding of their behavior. A model can help to design a practical dry electrode which
may perform similar to a gel electrode.

In the case of dry electrodes, the perspiration accumulated after several minutes of their
application to the skin progressively overcomes the absence of the electrolyte, which is
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Figure 1. Electrical model for electrode-to-skin interface: (a) gel electrode and (b) dry electrode.

mainly sodium chloride (Yamamoto and Yamamoto 1976a). Yamamoto and Yamamoto (1977)
reported that the skin impedance, for various reasons, changes in a complex fashion: with
season, time, circumstances and the electrode gel, if used. For low-frequency biopotentials, the
resistance is the major source of the observed impedance changes. Perspiration has two main
effects: (1) the electrolyte penetrates into the pores of the stratum corneum, which becomes
more conductive, (2) with the accumulation of perspiration beneath the dry electrode’s surface,
the electrode becomes moisturized. This electrolyte (perspiration) increases the effective
electrode surface area. Gondran et al (1995) described the behavior of the dry electrode—
skin interface in a simple way. They stated that the static resistance and capacitance of the
stratum corneum resulted from the parallel combination of the static resistance and capacitance
of the lipid matrix and the pores.

Webster (2010) modeled the electrical connection between an electrode and the skin using
the electrolyte gel. The series resistance Ry is the effective resistance associated with interface
effects of the gel between the electrode and the skin. The potential difference E., which is
given by the Nernst equation, is due to the semipermeability of the stratum corneum. The
epidermal layer behaves as a parallel RC circuit. The dermis and the subcutaneous layer under
it behave, in general, as pure resistances. They generate negligible dc potentials. However, the
electrical connection between a dry electrode and the skin is different due to the absence of the
electrolyte gel. Chi ef al (2010) proposed an electrical model for dry contact electrodes where
only the electric connection corresponding to the gel electrolyte is omitted. Figure 1 shows
the equivalent circuit of the electrode-to-skin interface for both the gel and dry electrodes. A
few minutes after the application of dry electrodes on the skin, perspiration takes place. The
perspiration gradually replaces the gel electrolyte function leading to similar behavior of dry
and gel electrodes.

4. Dry electrodes in cardiology

Numerous designs of dry electrodes are cited in the literature. Promising results were shown
despite an issue that has not been resolved yet, which is how to hold the electrode in place
without the movement that causes motion artifact. The following presents an extensive review

-R52- Masimo Ex. 1043
IPR Petition - US D947,842



Topical Review R53
A,
,oc'z’sqc:%x ‘

() (b) (© (V)

Figure 2. Electrode categories: (a) conventional Ag / AgCl, (b) stainless-steel disc, (c) conductive
foam and (d) conductive fabric.

of dry electrode development. It only describes work that presented complete studies and
details, which could best lead to a practical dry-electrode-based system. Figure 2 shows
samples of dry electrodes classified as (b) stiff material (metal disc), (c) soft/flexible material
(conductive polymer and foam) and (d) fabric electrode. Research studies investigated similar
dry electrode designs and showed similar findings were grouped together in the same section.

4.1. Stiff material dry electrodes

Numerous metals were used as dry electrodes. A variety of tests were conducted to assess
the electrode performance. Single electrode-to-skin interface impedance was measured to
electrically characterize the behavior of the interface electrode-to-skin using various methods
as shown in table 1 (Spach et al 1966, Searle and Kirkup 1999, Grimnes and Martinsen 2008).

To overcome the sensitivity of the metal-disc electrode to power-line interference, a
buffer was used to form active electrodes (Fernandez and Pallas-Areny 1996, Ribeiro et al
2011, Nishimura et al 1992). Table 1 shows that Matsuo et al (1973) developed a new active-
capacitive dry electrode. Their experiments showed that the noise level is mostly due to the
amplifier. Its drawback is the generation of excess noise voltage if the electrode is mechanically
stressed.

Many studies used stainless steel because of its availability, price and good electrical
performance. Bergey et al (1971) reported that stainless-steel active dry electrodes performed
the best and provided considerable reduction of motion artifact. Geddes and Valentinuzzi
(1973) investigated different materials such as stainless steel and silver. They found that dry
electrodes are really dry when first applied. De Luca et al (1979) used stainless-steel active
electrodes. Their electrode was used clinically every day for eight months and showed good
results. Godin et al (1991) used the stainless-steel dry electrode. Their results showed that
the thermal noise, generated as a result of the resistive component of the electrode/electrolyte
impedance, is not amplifier design dependent. Searle and Kirkup (2000) compared three
electrode types: metal, insulating and gel electrodes. Stainless steel is more commonly available
and aluminum has been shown to have problems due to the chemical response of its oxide to
perspiration. The dry type initially fared the worst compared to gel and insulating types, but
after a settling time, not specified, they performed marginally the best in movement artifact
tests. The drawbacks of active electrodes include bulk, more wires, higher power consumption
and expense, which are challenging for continuous monitoring. However, capacitive electrodes
are suitable only for short-term ECG measurement because their dielectric properties are
susceptible to change with the presence of perspiration and the erosion of the dielectric
substance. They are also susceptible to artifacts (De Luca et al 1979), as they are hard and can
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Table 1. Metal-disc dry electrodes comparison.

Reference/year Material investigated

Geometric form Bandwidth

Noise

Findings

Comments

Bergey et al
(1971)

brass
Matsuo et al
(1973)
(EEG, ECG)

coating

De Luca (1979) Stainless steel

(Myoelectric
signal)

Gondran et al
(1995)
(biolelectric
signals) Yacoub
et al (1995)

material

Silver, gold, stainless
steel, anodized
aluminum, aluminum

Barium titanate
ceramics (0.02 uF,
0.01 dielectric loss),
one side silver

NASICON-—ceramic

(Na3ZrZS 12PO 1 2)

2.5 cm diameter, 0.05 Hz to 5 kHz
5 cm distance in
between

9 mm diameter, 0.01 Hz to 10 kHz
0.25 mm thick,
3 mm thick (dry

active electrode)

4.5 mm diameter dc to 100 kHz
10 mm apart

Thicknesses 2
and 3 mm, 7
and 10 mm
diameter, 5 cm
distance in
between

1-1000 Hz

Intrinsic noise 10 uV,_,,
stepping up artifact

Noise voltage
measurement (0.1-70 Hz),
electrical

artifacts

>75 dB/60 Hz

Electrochemical

noise origin
(skin—electrode
interface) 1-100 Hz
higher noise (>thermal
noise of electrode
impedance

real part + amplifier
noise contribution)

Remarkably reproducible
response for each metal,
signal of noisy nature
(anodized aluminum), best
behavior for stainless steel
Noise voltage 4 uV,,
electrode noise <4 Vv,
less sensitive to electrical
artifacts, absence of

noise voltage

No use of gel or paste, no
reported problems during
eight months of daily use
in clinics

5 mV dc voltage (1 min
settling time), EMF

drift <3.5 mV (2 pairs),
dc polarization <35 mV
(pair of electrodes) <1 k2
10 Hz impedance (10 mm
diameter and 1 mm thick

10 min after application,
used buffering

dc resistance >10'

Used buffering (unity
gain amplifier), skin
swabbed with

rubbing alcohol

Good conductor through
Na ions, robust, shock
resistant, great endurance,
easy to clean, reusable,
skin cleaned (alcohol)
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Table 1. (Continued.)

Reference/year Material investigated Geometric form Bandwidth

Noise

Findings

Comments

Metals: aluminum,
stainless steel,
titanium

Searl and
Kirkup (2000)

Insulating: high
purity silicon
wafer+150 nm
layer of silicon
dioxide
Disposable:
Red Dot ™
2258 Ag/AgCl

12 mm diameter 1-950 Hz (57 Hz 50/60 Hz examination,

14 mm between presented)

their centers

Standard form

moving electric charge,
movement artifact

Impedance decreasing
exponentially respectively,
titanium performs the best

Unshielded: suffers
from moving charge
artifact

Suffers from
moving charge
artifact

Used buffering (forearm),
after 15 min lower
sensitivity to electric
charge (dry in shield/no
shield cases), after 15 min
dry performs the best

No buffering used, first
performs better, lower
contact impedance (1/2
surface area: metals and
insulating)
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slip over the skin, which causes loss of contact and charging effects (Gruetzmann et al 2007).
Their high prices (thousands of dollars) limit their use to only research laboratories.

Metting Van Rijn et al (1996) developed a low-cost thick-film technology active electrode.
Their device contains a small battery powered front end where the analogue-to-digital
conversion was performed, and digitally transmitted with a fiber-optic link to the signal-
processing hardware (PC). The use of fiber-optics suppressed the 50 Hz interference in both
ECG and EEG signals. Vanlerberghe er al (2011) designed a needle-based dry electrode
addressing the problem of contacting hairy body areas. However, the use of needle electrodes
may cause hygienic and safety concerns. But because these novel electrodes are disposable,
this would limit their use to only a limited time and are, therefore, practically a less attractive
design.

However, Lisy (2013) developed reusable Ag/AgCl coated ABS (acrylonitrile butadiene
styrene) dry electrodes with pointed bumps to reduce motion artifacts. The electrodes are
integrated in the CardioWare harness which includes traditional ECG cables. The electrode
pointed bumps locally compress the patient’s skin underneath each electrode and creates a
conductive and mechanical interface with the patient’s skin. The electrode is a recent design
under investigation; we have found that the pointed bumps result in irritation of the skin.

Gondran et al (1995) used ceramic to fabricate dry electrodes based on NASICON-
type ceramic. They had good endurance but were slightly polarizable and suffered from
low-frequency noise of electrochemical origin. Yacoub et al (1995) assessed the noise of the
NASICON electrode. They found that the electrode-to-skin interface generates electrochemical
noise in excess of the thermal noise associated with the real part of the electrode impedance
plus the amplifier noise contribution at low frequencies (1-100 Hz).

4.2. Soft/flexible material dry electrodes

A stable electrode-to-skin interface contact is helpful for a dry electrode. Stiff material dry
electrodes suffer from motion artifact due to the absence of gel. Body motion enables the
electrodes to move relative to the skin (Hoffmann and Ruff 2007). Researchers have developed
flexible or soft electrodes which adapt quickly to the body shape that may reduce motion
artifacts. In the following section, some complete works investigating soft electrodes are
reviewed for which the most detailed are described in table 2. Similar soft dry electrode
designs and findings were grouped in the same section.

A recent idea that seems promising for soft electrodes is the use of foam. The mechanical
softness and better adhesion to skin of the foam substrate can also increase the contact area
of the skin-to-electrode interface to maintain lower impedance and exhibit better behavior in
reducing motion artifacts. Gruetzmann et al (2007) designed an Ag-coated conductive polymer
foam soft electrode. Their experiments showed that the E103/XAC foam electrodes exhibited
comparable impedance to Ag/AgCl gel electrodes on both hairy skin and hairless skin.

Some work was attempted to emphasize the feasibility of comfortable materials
as dry/noncontact electrodes. Chi et al (2010) reviewed most publications written on
dry/noncontact electrodes. They investigated a cotton-based dry electrode and found that
a cotton electrode does not create electrochemical noise. They found it difficult to make an
objective comparison between electrodes when they measured motion artifacts. Gandhi et al
(2011) investigated dry and noncontact electrode materials. They found that a solder mask was
able to provide relatively low-noise signals due to its high capacitance. The cotton electrode
was noisy within ECG/EEG frequencies due to its low capacitance but still provided an
acceptable signal. Excellent signals may be obtained with HASL PCB finish (lead-free hot air
surface leveled PCB finish).
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Table 2. Soft/flexible dry electrode comparison.

Authors Electrode constitution Geometric form Bandwidth Noise Findings Comments
Hoffmann Polarizable metals Square of 1 cm? 0.1 Hz-100 kHz — Polysiloxane exhibits a more 128 electrodes could
et al (2006)  (silver, gold, platinum, capacitive character, best results be measured
(Biopotential) iridium) for electrodes coated with a simultaneously ten

Nonpolarizable metals conductive polymer layer, days measurements

(galvanized and sintered constant impedance for sintered of electrode impedance

Ag/AgCl, platinum black) Ag/AgCl electrodes (ten days),

Polymer-coated metals small phase angle for high

(PEDOT (poly-3, frequencies, better long-term

4-ethylenedioxythiophene) stability for PEDOT

on gold, iridium and

platinum, polypyrrole on

gold and iridium)

Conductive polymer paste

(silver, carbon)

Nanoparticles in

polysiloxane (silver,

carbon, doped tin oxide)
Gruetzmann Dry Ag foil 2 cm diameter 30 Hz-100 kHz Motion artifact ~ Less motion artifact for dry Dry Ag partly chloride
et al (2007) Conductive foam 0.3 mm thick (walking motion) foam, zero-line fluctuation foam coated (400 nm
(ECG) (polyester, polyethylene), 2 cm diameter 5 min settling suppression for SiO, electrode, thick silver) Skin

titanium as an adhesion time capacitive electrode suitable cleaned (propanol)

layer (100 nm thick) for short-term ECG, low Velcro strap handling

skin-electrode impedance for
dry foam/SiO; electrode
-R57-

MITAY Teordoy,

LSY

Masimo Ex. 1043

IPR Petition - US D947,842



Table 2. (Continued.)

Authors Electrode constitution Geometric form Bandwidth Noise Findings Comments
Capacitive electrode (Si0;) 1-4 cm?
(rectangular)
15-100 nm
thick SiO,
Baek ef al PDMS (substrate), 10 mm wide 1 Hzto 1 kHz Motion (treadmill <100 Hz higher impedance than =~ Within 30 s settling
(2008) titanium (adhesion layer), x 3 mm thick 0.5-100 Hz exercise) Ag/AgCl electrode >100 Hz time, fixed cable on
(ECG) gold pattern (center) 1.5 mm high of for acquisition (5kmh™") similar values, more sensitive the body, metal pattern
curved metal to motion artifact, stable ECG width (10 pm),
pattern PDMS signal (one week), no skin impedance measurement
layer 14 mm irritation (one week) (one day)
between centers
Pylatiuk Polysiloxane 2 cm diameter 100 Hz 10-500 Hz 5 min settling 0.98 high correlation for Impedance measurement
et al (2009)  (nanoparticles), 3 cm apart for acquisition time Repeated polysiloxane (carbon thread 16 times within 3 h,
(EMG) polysiloxane (carbon After 60 min 2.8 Q cm™!) after 5 min, polyamide thread
9  cm™!), polysiloxane Elbow flexion of  0.97-0.98 high correlation (textile electrode)
(carbon thread 2.8 Q@ cm™), 90° without/with  for all polysiloxane after 60 min, saturated with
polyamide thread (silver 1-7 kg weights 0.76 decreased correlation for electrolyte dilution
coating 0.2 2 cm™Y) polyamide thread after 60 min,
(textile), thermoplastic no correlation with thermoplastic
elastomer (silver-coated, elastomer in both cases, low SNR
glass 0.01 Q cm™) for thermoplastic elastomer for
5/60 min, worst impedance for
polysiloxane (carbon
thread 9 Q cm™)
Chi et al Thin film, cotton dry metal — 0.7-100 Hz Motion artifacts Poor settling time (noncontact Difficult to make an
(2010) plate, MEMS Ag/AgCl (sitting, walking,  electrodes), recovery times >10 s objective comparison
(ECG, EMG) running, jumping), (noncontact electrode), R-wave  between electrodes
noise measurement distortion (cotton electrode), no
electrochemical noise for cotton
electrode
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The use of polydimethylsiloxane (PDMS) was cited in some works because of its
inert nature. Baek et al (2008) presented a novel polymeric dry electrode (PDMS). The
electrode would be wearable around the forearm using a Velcro strap. In exercising tests, the
PDMS electrode suffers from motion artifact, because of its high impedance and the unstable
connection between the electrode wire and the ECG cable. The PDMS electrode was worn
for a period of one week without irritation. Optical microscopy showed microcracks which
increase the electrical resistance of the PDMS electrode. Fernandes ef al (2010) presented
a new flexible dry PDMS-coated copper electrode. The PDMS is packaged into a wearable
bracelet. A settling time of 5-10 min was required to reach an adequate signal-to-noise
ratio. Thus, PDMS-based electrodes also showed good long-term stability and the absence of
negative influence on the skin due to the chemically inert nature of PDMS. Myllymaa et al
(2012) developed a novel flexible thin film micropillar electrode with significantly improved
electrochemical properties. Differently coated PDMS electrodes, with titanium, copper, silver,
silver—silver chloride in a physiological saline solution (0.9% NaCl), were characterized by the
use of electrical impedance spectroscopy and equivalent circuit modeling. Their measurements
were reproducible and show that titanium is not a suitable coating material for biomedical
electrodes, since it possesses high impedance magnitude levels in saline. Their findings
affirmed that micropillar structuring effectively lowered impedance for each coating material
due to the increased surface area. Ag/AgCl is an almost perfectly nonpolarizable material
particularly at low frequencies (1-700 Hz) and behaves much more resistively. However,
further investigations are necessary during in vivo testing for bioelectric signals. Ribeiro et al
(2011) developed a flexible active dry electrode based on the di-ureasil polymer. The electrodes
were held in place by a Velcro stretch belt. The dry active electrode showed less sensitivity
to 50 Hz power-line interference and remained chemically and electrically stable for one
week of exposure to a synthetic perspiration. The di-ureasil electrode is more sensitive to
motion artifact and showed some mechanical problems such as cracking of the material when
it dried and in some cases, degellification of the material occurred. Prats-Boluda et al (2012)
developed a new modular active sensor containing disposable concentric ring electrodes, with
enhanced spatial resolution, printed on a flexible polymeric substrate (UltemR16SGO00) by
thick-film technology connected to a reusable battery-powered signal-conditioning circuit.
Their results showed that flexible concentric ring electrodes not only present lower skin—
electrode contact impedance and lower baseline wander than rigid electrodes but are also
less sensitive to interference and motion artifacts. However, these electrodes are still more
susceptible to motion artifact and noisier recordings were noticed compared to those from
commercial wet Ag/AgCl electrodes.

Polysiloxane is cited by several authors to design soft dry electrodes. Hoffmann et al (2006)
characterized 16 different materials divided into five groups. Their experiments showed that
for low frequencies, polysiloxane with nanoparticles shows, by far, the highest impedance.
The best results are obtained from the electrodes coated with a layer of a conductive polymer.
PEDOT is considered to have better long-term stability. Hoffmann and Ruff (2007) investigated
a surface electrode material based on a medically approved polysiloxane framework loaded
with conductive nanoparticles. A general purpose electrolyte part was added to the mix
ultimately to have a highly viscous and flexible material which can improve the electrode-to-
skin impedance when used as a dry electrode. Biocompatibility tests showed that the novel
electrode is biocompatible. The mechanical and electrochemical properties of the electrodes
were unchanged after washing tests. Pylatiuk et al (2009) investigated five electrode materials;
three of them consisted of various types of flexible Pt-catalyzed polysiloxane. The three
polysiloxane electrodes showed a considerable decrease in the electrode-to-skin impedance
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within the first 20 min. Nevertheless, the signal quality of all three polysiloxane electrodes
was good within 5 min after attaching them to the skin.

Flexible/soft electrodes could be integrated into garments. Fuhrhop et al (2009)
investigated dry electrodes and developed a textile that integrates a two-channel ECG system.
A bicycle ergometer test showed that the dry-based system used with a QRS detection
algorithm performed well. However, a well-fitting textile garment and intelligent algorithms
are still needed to minimize movement artifacts. They noted that wearable devices failed if
hard/capacitive dry electrodes were used. Slipping on the skin and charging effects limited
their use compared to Holter systems using gel electrodes. Muhlsteff and Such (2004) used
flexible conductive rubber dry electrodes. These electrodes were integrated into textiles. A
settling time from 3 to 15 min was enough to get a clean ECG signal with a sufficient signal-
to-noise ratio. Asian skin type has a lower impedance signal than Caucasian-skin types, and
the corresponding ECG was immediately picked up after the rubber electrodes’ application.

4.3. Fabric dry electrodes

Newer recording approaches with textile-integrated dry electrodes would improve over
bulkiness and skin irritation of Holter systems with gel electrodes. However, an inferior quality
signal was produced due to the high electrode-to-skin impedance and motion artifact (Catrysse
et al 2004). For this reason, these ECG systems have failed to establish themselves as sufficient
in the medical environment (Fuhrhop ez al 2009). Park and Jayaraman (2010) reviewed the field
of smart textile-based wearable biomedical systems (ST-WBSs). The authors have analyzed
the issues that slow down the acceptance of the ST-WBSs to the market and suggest a plan
of action to encourage their acceptance. Fabric electrodes are generally mounted in smart
garments. This section will describe some textile dry-electrode designs recently published.
Work that showed consistent comparisons is represented in table 3.

Marozas et al (2011) investigated reusable electroconductive textile-based electrodes.
Electrodes were slightly moistened with water to reduce the settling time. The tests showed
that textile electrodes are less susceptible to broadband noise, but produce significantly more
noise in the band of 0.05-0.67 Hz. Marquez et al (2010) used textile dry electrodes to measure
body composition analysis. The inner surface of the electrodes was based on synthetic wrap
knitted textile material with silver fiber. Resulting differences may be due to the extended
electrode area or the larger resistance of the textile electrodes. Monitoring vital signs in a pool
environment is an important field to monitor swimmer activities or patients. Silva et al (2009)
designed textile electrodes intended to be used in a swimsuit. Comparable results were found
for the developed textile electrodes and the reference ones. Their experiments showed that the
R wave was clearly displayed. A significant deterioration of signals was noticeable when the
electrode was stretched.

Recent advancements in microelectronics and electronics lead to the integration of an
entire ECG monitoring system within a small patch. Dry electrodes that were screen-printed
directly onto fabric were designed to eliminate wires and skin irritation and to ensure low-
power consumption (few mW). Yoo et al (2009) fabricated a planar printed circuit on fabric.
The shirt-type clothing system can continuously operate and collect data from the body up to
14 days without replacing the battery. Their results showed amplitude distortion due to the
higher impedance of the fabric dry electrodes. These electrodes were used again by Yoo et al
(2010), who examined two wireless fabric patch sensors inductively powered. However, no
practical results were shown. These remote sensors are disposable and expensive which limit
their use only for research.
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Table 3. Fabric dry electrode comparison.

Authors Electrode constitution Geometric form Bandwidth Noise Findings Comments
Paradiso et al ~ Two stainless steel wires — 30 Hz Walking on the Signal comparisons to Using hydrogel membrane
(2005) (ECG, twisted around a viscose spot, mechanical reference electrodes, (dynamic conditions) 5-8 h
Respiration, textile yarn Ag/AgCl tests, washing quality signal preserved of membrane wearing
activity) tests if washed
Puurtinen et al  Polyester yarns covered 7, 10, 15, 20, 0.05-500 Hz  RMS noise Higher noise for dry 10 to 15 min stabilizing
(2006) (ECG)  with silver 30 mm diameters, textile, most reliable time Tests taken 5 min after
30 mm diameter behavior (hydrogel) electrode placement
(ground)
Silva et al Bekintex Bare elastane X 2 cm squares — Humidity tests R-wave clearly displayed ~ Use in swimsuit, water
(2009) (ECG)  Silver-coated yarns Electrode stretching  Significant deterioration as electrolyte gel
(reference) Motion artifact when electrode stretched
Marozas et al Thin silver—nylon Rectangular 0-250 Hz Elliptical trainer 0 to 0.67 Hz noise Mounted on chest belt
(2011) (ECG)  117/17 2-ply 16 cm? 25 cm motion produced 0 to 250 Hz less ~ Moistening of textile
conductive thread apart broadband noise produced electrode 5 min settling time)
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The use of conductive knitted yarn to form integrated sensors was cited in many studies.
The drawback of this technology is the high cost due to the knitting and interconnecting
processes of the conductive yarn in addition to the production of the clothing itself. Another
issue that remains unresolved is the packaging of the electronics when washing is needed.
Paradiso ef al (2005) designed an intelligent garment based on knitted integrated sensors. The
garment integrates sensors, connections and electrodes, which were created with conductive
and piezoresistive yarns. Scilingo ef al (2005) found that conductive yarns and coated fabrics
are resistant to repeated washing in aqueous solutions without decreasing their performance
and without a polarization effect. However, the use of a hydrogel membrane to reduce the
contact resistance between the skin and the electrode can provoke skin irritation; because
of this, the membrane can be worn only for 5-8 h. The reproducibility of the sensitive spot
positioning in the garment represents a critical point, especially for precordial leads. The
deterioration of the signal-to-noise ratio produced by the micromovements of electrodes has
been neutralized by using hydrogel membranes for only short time use. Puurtinen et al (2006)
also used a hydrogel membrane in textile electrodes. Three electrode preparations were set:
dry textile electrode, textile electrode moistened with water and textile electrode covered with
hydrogel membrane. Their results showed that textile electrodes with hydrogel provided the
most reliable behavior. The highest noise level was encountered with dry textile electrodes.

5. Amplifiers for a dry-electrode system

Most publications on dry-electrode-based systems focused on the design of the electrode itself.
But a few research groups designed the whole amplifier in order to set system specifications,
such as the amplifier input impedance, bias current, voltage offset and others. Available
standards are devoted to gel-based electrode systems, which require less stringent specifications
than for dry-electrode-based systems. This section emphasizes the electronic design of dry-
electrode-based systems.

Considering biotelemetry and long-term Holter monitor environments, biosignal
acquisition is performed on subjects in areas of high electromagnetic fields, where high
common-mode voltages could saturate the input amplifier stages. Reducing the number
of electrodes would make patient attachment easier and lower electrode costs. The two-
electrode technique has the advantage of improving patient safety by eliminating the patient
ground electrode. But the amplifier will then transform common-mode interference signals
to differential signals. Additional electronics were added to the amplifier in order to cancel
these differential-mode interferences (Hwang and Webster 2008, Thakor and Webster 1980,
Dobrev and Daskalov 2002). The two-dry-electrode technique was used by Richard and Chan
(2010) to monitor the heart rate and ECG and by Bifulco er al (2011) to pick up ECG, EMG
and body motions using integrated textile electrodes in a wearable garment. Neither author
group assessed the noise, which is important to quantify the feasibility of the two-electrode
amplifier with dry electrodes. A solution to reduce magnetic interferences is to mount the dry
electrodes directly on a flexible printed circuit board. The flexible system allows adaptation to
different chest morphologies. The issue with this design is that distances between electrodes
are different from one subject to another and are variable due to the skin’s tendency to stretch
(Figueiredo ef al 2010). The flexible system could produce more motion artifact because body
expansion would drag electrodes along the skin. In the context of reducing the number of
leads, Gargiulo et al (2013) designed a biopotential front end capable of recording unipolar
ECG leads without the use of the Wilson central terminal. The unipolar recording showed
immunity from the contact impedance imbalance by design. The amplifier could be used for
both gel and dry electrodes. Their results showed that some extra peaks are only visible from
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the right-arm recording, which are hidden by the traditional differential ECG. Their findings
may open some new diagnostic opportunities which still need to be investigated. The system
also allows direct, real-time software calculation of signals corresponding to standard ECG
leads. The device only requires a power less than 20 mW.

The use of dry electrodes was also explored in some particular applications, such as
physical exercise, pool environment and underwater monitoring. Gargiulo et al (2010b)
designed a dry silicone-rubber ECG system with a Bluetooth connection to monitor the
heart during several physical tasks and submersion in fresh water. The amplifier was built
around the Burr—Brown INA116 instrumentation amplifier which has an input impedance of
10'3/0.2 (S2/pF). The authors measured the input referred noise power spectral density of the
biopotential amplifier and its dry electrodes. Silva et al (2009) developed textile electrodes
mounted in a swimsuit to be used in a pool environment, where the INA129 was used as
an instrumentation amplifier. A strong EMG signal interfered with the ECG signal. Signal
processing was needed to clearly recover the heart beat. The newest system can continuously
operate for more than seven days (Gargiulo et al 2010a, 2010b, 2010d). Gargiulo et al (2010c)
monitored the ECG of cattle and pregnant subjects where experiments showed equivalent
signals to Ag/AgCl conventional systems. The correlation between the recordings was greater
than 0.96.

The above studies used single-chip instrumentation amplifiers in their designs.
Instrumentation amplifiers in general have high input impedance, high CMRR and low bias
current. For more than a decade, a research group within the Department of Electronic
and Electrical Engineering, from Trinity College, Dublin (Ireland) has designed a dry-
electrode preamplifier based on the use of operational amplifiers to set up standards
and minimal specifications for the dry-electrode preamplifier. The authors emphasized the
study of factors that affect the quality of the ECG signal. These factors are: the skin-
to-electrode-amplifier interface, electrode motion artifact, electrical interference, amplifier
CMRR, amplifier frequency response, semiconductor noise generated in the amplifier and
input signal level variation (Burke and Gleeson 2000). First, the instrumentation amplifier was
constructed around three CMOS op-amps TLC27L4CN from Texas Instruments intended for
use with portable dry-electrode ECG-based heart rate monitors (Burke 1994). In later work,
the design was extended to use six MAX400 series (Maxim Inc.) op-amps. The electrical
characteristics were measured: input impedance of 75 M2, CMRR of 88 dB when the DRL
circuit was used, a peak-to-peak noise voltage (referred to the amplifier input) of 50 uV
and a power consumption of 30 uW (Burke and Gleeson 1999, 2000). The preamplifier was
improved later. The input impedance increased to 280 M2 at 0.05 Hz, the CMRR was greater
than 80 dB and the power consumption decreased to 20 W as a micropower device (Burke and
Assambo 2007). Continuously, the differential input impedance of the six op-amp preamplifier
increased to 340 M2 at 0.05 Hz and the CMRR exceeded 85 dB (Assambo and Burke 2007). It
would be helpful if a comparison with a single-chip instrumentation amplifier (LT1167: input
impedance of 10'2/1.6 (Q2/pF) and CMRR of 95 dB) were done to show if there are benefits,
especially in portable devices where dealing with power consumption is of great importance.

6. Practical design considerations

The main issue with dry electrodes is the high skin-to-electrode impedance; two approaches
have been taken to reduce its effect. The common practice at clinics is skin abrasion of the
outermost cells of the skin surface to obtain a low contact resistance (5—-10 k2) (Marozas et al
2011, Chi et al 2010). Another approach is to use a high input impedance amplifier to lessen
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Figure 3. Practical design of a dry-electrode system.

the emphasis given to the skin-to-electrode impedance. The last approach may be the best
solution.

Broadly speaking, even though there were a considerable number of results and designs
that when combined may provide an efficient dry-electrode system, no successful dry-electrode
system is manufactured and accepted by clinical institutions. Below we provide suggestions
that can help to design a low-power and low-cost system with irritation and motion artifact
free dry electrodes. Figure 3 shows a practical design of a dry-electrode system that combines
the analogue front end, microcontroller and Bluetooth embedded in the same board mounted
in a stretchy shirt.

e Flexible electrodes made with polymer or foam combined with the excellent characteristics
and biocompatibility of a titanium foil (Schaldach 1992) partly resolve the problem of
adherence between the skin and electrode because of their softness. Compact and hermetic
skin-to-electrode contact reduces motion artifacts. Electrodes mounted on a stretched shirt
made of Spandex will strengthen the electrode-to-skin contact and minimize wire artifacts.

e Use of a single-chip instrumentation amplifier, characterized by low-power consumption
and low noise, is beneficial in battery-powered embedded devices. Recent circuit
development integrates the whole front end in one chip which saves time and is easy
to implement. The ADS1191 is characterized by a high CMRR of 95 dB and micropower
of 335 uW /channel. The AD8232 provides a CMRR of 80 dB and a low supply current
of 180 nA.

e The DRL amplifier used to reduce the common mode interference can affect the differential
mode in an unpredictable way and can increase the differential mode interference. The
novel system will be battery powered, and the use of the DRL amplifier can be disregarded
to save power and space (Gomez-Clapers et al 2011).

e The use of a microcontroller with wireless communication is stress free for patients,
including elderly people who can pursue their daily life activities with more confidence.
The preamplifier and the microcontroller should be built as surface-mounted components
to save power and space because the system will be mounted on a stretchy shirt. Light
weight and comfort are the key parameters for a successful design.

e Data should continuously be sent to a personal computer or a mobile phone. Further
signal processing to implement in computers may help to detect arrhythmia or syncope
in a timely fashion. In addition, if a subject is moving and causes movement artifacts,
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the system switches to measure heart beats which can be extracted from the ECG plus
movement artifacts.

e Waterproofing the electronic board and the dry electrodes is necessary in special
applications, such as when the patient is exercising, which may make him perspire a
lot, or is in a wet environment. The perspiration or water may short circuit the electrode
contacts or wet the electronic board.

e Additional considerations should be taken during the design process, such as careful design
of the PCB layout, successful shielding of electrodes and the use of shielding cables, which
would increase the immunity of the system in the presence of different types of noise and
interference that could affect its performance.

7. Conclusion

Stiff material, soft/flexible material and fabric dry electrodes were investigated. In the case
of stiff material dry electrodes, active electrodes overcome the sensitivity to power-line
interference, but they are bulky and expensive. However, stainless steel, available and cheap,
showed good electrical performances when used as a dry electrode. The needle-based dry
electrode performed best on a hairy body area but may cause hygienic and safety concerns.
The NASICON-type ceramic electrode had good endurance but suffered from low-frequency
noise of electrochemical origin. The tough nature of stiff material makes the electrode more
susceptible to motion artifact.

Soft electrodes have appeared to resolve issues encountered with the stiff material dry
electrodes, precisely the sensitivity to motion artifact. The authors agreed that the soft
electrode adapts quickly to the body shape, which exhibits better behavior in reducing
motion artifacts by improving the electrode-to-skin interface contact. For example, E103 /XAC
foam, polydimethylsiloxane (PDMS), UltemR16SGO00, polysiloxane loaded with conductive
nanoparticles, Pt-catalyzed polysiloxane, conductive rubber and cotton were successful
materials in reducing the electrode to skin impedance. PDMS and polysiloxane were proved
to be biocompatible. The cotton dry electrode does not create electrochemical noise. For some
designs, a coating material is necessary to improve the conductivity of the electrode. Ag/AgCl,
an almost perfectly nonpolarizable material, is found to be a suitable coating material for
biomedical electrodes. However, PDMS and di-ureasil showed some mechanical problems
such as cracking of the material, which increases the electrical resistance of the electrode. In
addition, UltemR16SG00 was more susceptible to motion artifact and noise compared to gel
Ag/AgCl electrodes.

Fabric electrodes are generally mounted on smart garments to improve over-bulkiness and
skin irritation of Holter systems with gel electrodes. The fabric electrode has usually a larger
contact area and high impedance of the fabric, which may result in some differences in the
signal’s amplitude, such as synthetic wrap knitted textile material with silver fiber and planar
printed circuit on fabric. In addition, significant deterioration of signals was noticeable when
a textile electrode was stretched. The use of conductive knitted yarn is a high-cost technology.
In some designs, a hydrogel membrane was used to reduce the contact resistance between the
skin and the electrode and neutralize the micromovements of electrodes which deteriorate the
signal-to-noise ratio. The membrane can provoke skin irritation which limits its use to only
5-8 h, but textile electrodes with hydrogel provided the most reliable behavior. Conductive
yarns and coated fabrics are resistant to repeated washing without decreasing their performance
and without a polarization effect. The highest noise level was encountered with dry textile
electrodes which produce more noise in a low-frequency domain. Another issue that remains
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unresolved is the packaging of the electronics when washing is needed. The reproducibility of
the sensitive spot positioning in the garment represents a critical point, especially for precordial
leads.

Every dry electrode category has its advantages and disadvantages known in the literature.
The authors agreed that the main issue that slows down the spread of the dry electrode in
the clinical environment is the poor electrode-to-skin contact which initially leads to higher
impedance and more susceptibility to motion artifact. A settling time of few minutes is
necessary to have a readable signal, depending on the nature of the electrode. The metal-disc
electrode presents good electrical performance but suffers from a tough substrate leading to the
movement of the electrode on the skin. The fabric electrode is characterized by a larger contact
area leading to amplitude distortion. In fact, the fabric electrode is more susceptible to motion
artifact and more noisy than other electrodes. The metal-disc electrical characteristic and the
fabric flexibility are found in the flexible electrode. Flexible electrodes were investigated in
the recent decade; the number of researchers investigating them is progressively increasing.
The flexible electrode showed better performance, especially the conductive foam coated with
silver/silver chloride which adapts quickly to the body’s shape, to improve the electrode-
to-skin contact. The validity of every design was tested by the authors, who described their
specific protocol and used it to test their design. The absence of a unique and universal testing
protocol is obvious, even an objective comparison is very difficult to conduct. Consequently,
making some particular movements to test a new dry-electrode design referenced by Wiese
et al (2005) seems to be a complete evaluation to determine the electrode’s response when
stressed by some movements practiced in daily life activities.

For clinical application, Ag/AgCl gel electrodes are convenient in terms of robustness,
cost and ability to adhere to the skin well. The signal provided is excellent for monitoring and
diagnostic purposes. In fact, dry electrodes are not used in clinical applications. However, dry
electrodes may be suitable for situations where the patients have sensitive, damaged or burned
skin, for neonatal patients or where ambulatory monitoring is desired.

To develop a practical dry-electrode system, much emphasis should be given to the
electrode design itself. If motion artifact and high electrode-to-skin contact impedance issues
could be resolved, clinical professionals might use dry electrodes. There is much room for
innovation at the electrode-to-skin contact level where more contributions are expected to
yield improved contact.

Reviewing dry-electrode systems, highlighted in this paper, suggests work on a novel
dry-electrode design. We are focusing on how to improve the electrode-to-skin contact with
low cost and minimum treatment. We hope that other research groups could cooperate to also
contribute in this field. Significant contributions towards designing a practical dry-electrode
system would result in diagnosing patients earlier and improving the quality of people’s
medical care and lives.
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