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Abstract

In this paper, we present a novel polymeric dry electrode that (1) changes its shape in a way that supports the electrode’s contact with the skin and (2)
that does not cause skin irritations or allergic reactions. For a polymeric substrate of electrodes, we have used the elastomer poly(dimethylsiloxane),
which is known to be inexpensive, biocompatible, and amenable to micro-molding, and to have excellent gas and water permeability. We have
established a process by which one can deposit a metal layer on the PDMS substrate, etch the electrode patterns chemically and with good resolution,
and package the electrode so that it is easily wearable on the forearm. We measured the impedance according to the frequency change and compared
the results with those of Ag/AgCl electrodes. Afterward, we measured the ECG signal and investigated possible artifacts caused by motion. For the
feasibility of long-term monitoring, we examined the influence of surface electrodes on the skin after 7 days of ECG monitoring. In conclusion, our
PDMS-based dry electrode measured the ECG signals with comparatively good fidelity, but showed better skin compatibility after long-term tests.
We expect that our method for the production of PDMS-based dry electrodes will be broadly applicable to the field of ubiquitous biosignal monitoring.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The rapid development of telecommunications during the last
few decades has made it possible to monitor personal health in
the absence of individual care and regardless of patients’ loca-
tions and status (e.g.: sleep or exercise) [1-5]. The development
of special bioelectrodes is one of the most significant factors in
the realization of such ubiquitous health care. These bioelec-
trodes help people in clinical field measure biosignals, such as
with an electroencephalogram (EEG), electromyogram (EMG),
and electrocardiogram (ECG), with high fidelity and to conduct
long-term (1 week) monitoring without damage to the skin. The
most commonly used bioelectrodes in the clinical fields are of
the gel type silver/silver chloride (Ag/AgCl) type [6], and these
electrodes are simple, lightweight, reliable, and cost effective.
However, these electrodes have the limitation that the long-term
use of them may irritate the skin.
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Because of this limitation, researchers have tried to discover
alternatives to Ag/AgCl electrodes that would still meet the
requirements of the long-term monitoring of biosignals. One
of the alternative methods is the use of dry electrodes. Even
though positive results of the dry electrode have been published
[7,8], known dry electrodes, most of which were made on hard
or stiff substrates, often cause the following problems: (1) the
contact impedance to the skin is higher than that of gel elec-
trodes, (2) the contact area varies owing to its rigidness during
the motion, and (3) the electrode causes damage to the skin over
the long-term. To overcome these limitations of dry electrodes,
researchers have conducted many trials such as invasive mechan-
ical abrasion of the skin, carbon-nanotube-based electrodes [9],
and foam electrodes [10]. These methods have contributed par-
tially to the quality improvement of dry electrodes but have their
own respective shortcomings. In this paper, we present a novel
polymeric dry electrode that (1) changes its shape in a way that
supports the electrode’s contact with the skin and (2) that does
not cause skin irritations or allergic reactions.

For a polymeric electrode substrate, we have used the elas-
tomer poly(dimethylsiloxane) (PDMS), which is known to be
inexpensive, biocompatible, and amenable to micro-molding,
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and to have excellent gas and water permeability [11,12]. In spite
of the many advantages of the PDMS substrate, a big challenge
has been the stable depositing of metal layers on the surface of
the PDMS. Even more difficult has been the effort to pattern the
deposited metal layer via a chemical etching process.

Here, we have established a process by which one can fabri-
cate a dry electrode on a PDMS substrate and can package the
electrode so that it is easily wearable on the arm. Using diverse
tests, we evaluated the functions of a dry electrode. We mea-
sured contact impedance according to frequency changes and
compared the results with those of wet electrodes. Afterward,
we measured the ECG signal and quantitatively investigated the
motion artifact through the treadmill test. To determine the fea-
sibility of long-term monitoring, we examined the influence of
surface electrodes on the skin after 7 days of continuous ECG
monitoring.

2. Materials and methods
2.1. Microfabrication of metal layer and base structure

The shape of the dry electrode is illustrated in Fig. 1a, and
the substrate material is PDMS. For better contact of the metal
pattern with the skin, the center has a convex shape protruding
1.5 mm upward, and the titanium (used as an adhesion layer)
and the gold pattern is located on this center. We connected the
Velcro to the end of the electrodes so that the electrode would
be easily wearable around the forearm. Usually, it is difficult to
build metal patterns on the curved PDMS surface. Therefore,
we fabricated the electrode via two steps. First, we prepared
an electrode layer and a base structure separately. Second, we
bonded them to each other by following the following process,
as in Fig. 1b: (1) we conducted an oxygen plasma treatment on
the surface of both the electrode layer (backside) and the base
structure, (2) we uniformly spread the PDMS precursor on the
treated electrode layer, and (3) we bonded the electrode layer to
the base structure and thermally cured it at 80 °C for 2 h on the
hot plate.

(a) Metal patterned PDMS layer

/ Omm
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Base structure \/4— Copper wire
(b) '\
Base structure + Metal patterned PDMS layer
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Plasma surface treatment & bonding
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/‘:'\_f 1.5mm
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Fig. 1. (a) Schematic diagram of dry electrode, (b) bonding process of metal
layer and base structure.

Table 1
Deposition conditions of metal layers (Ti and Au) on the PDMS surface
Parameter Condition
Vacuum Less then 1.5 x 107 torr
Deposition rate of Ti 0.5-3A/s
Thickness of Ti 50-300 A
Deposition rate of Au 0.5-3A/s
Thickness of Au 500-3000 A
E-beam focusing size 3mm &
E-beam power

Voltage 7.5kV

Current 0-100 mA
Source to substrate distance 40cm
Substrate Temperature Non-heated

We fabricated the electrode layer according to the following
process. First, we fabricated the thin PDMS substrate by the
spin-coating method. Onto the 3 in. silicon wafer, we poured the
10:1 mixture of the PDMS pre-polymer and the curing agent
(Sylgard 184 silicone elastomer kit, Dow Corning, Midland,
MI). Then, we spin-coated (speed: 150 rpm) the mixture for
30s and baked it for 2 h in the vacuum chamber at 120 °C. For
30s, we exposed the surface of the PDMS layer to the oxygen
plasma ion. Onto this PDMS surface, we e-beam evaporated
the Ti (300A) and Au (3000 A), respectively; the deposition
conditions are summarized in Table 1. We then created the elec-
trode metal patterns according to the following process: (1) we
spin-coated the positive photoresistor (PR, AZ 5214, Clariant)
on the e-beam-evaporated metal layer at a speed of 5000 rpm
and baked it for 1 min at 110°C, (2) we radiated the masked
UV (365 nm, 300 mW) light on the PR-coated metal layer, (3)
we developed the UV-exposed PR using the PR remover (AZ
300MIF, Clariant), (4) we applied an Au etchant (aqua regia)
and a Ti etchant (HF:HNO3:H,O = 1:2:7 vol.%) to remove the
metal layer unmasked by the PR, and (4) we removed the rem-
nant PR on the metal pattern by using the PR stripper (AZ 400T,
Clariant). We fabricated the base structure by using a UV-LiGA
mold inserter. Onto the mold insert, we poured the 10:1 mixture
of the PDMS pre-polymer and the curing agent and cured it for
2hat80°C.

2.2. Packaging and wire connection

We fabricated the forearm-wearable electrode by connect-
ing the Velcro to the PDMS electrode. We bonded the Velcro
to the end of PDMS electrode by using the PDMS precur-
sor as glue. The wire connection in the PDMS electrode
is very challenging because the conventional methods such
as wire bonder or soldering are almost impossible. We con-
nected the wire to the metal pattern by using conductive glue,
and we encapsulated the contact region (bonded region with
conductive glue) with the PDMS precursor. The details of
the wire bonding process are as follows: (1) we punctured
a small hole and introduced a wire through this hole, (2)
we bonded the end of this wire onto the gold pattern using
conductive glue, and (3) we encapsulated the bonded region
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using the PDMS precursor to maintain the stable connec-
tion.

2.3. Evaluation of the electrode via impedance and ECG
measurement

We measured both the impedances of our electrode and solid
gel type electrode (3 M red dot foam monitoring (Ag/AgCl) elec-
trode 2237, 3 M Health Care) by using an impedance analyzer
(Analytical 1260A, Solartron). Both the Ag/AgCl electrode and
our polymeric electrode were placed adjacent to each other on
a person’s forearm (their position was at the center of the lower
arm’s anterior surface (between the wrist and the elbow)), and
both electrodes were attached so that the same distance (14 mm)
separated their centers. Because of these electrode locations,
the conditions for the two electrodes were equivalent and a
fair comparison was possible. Each measurement was carried
out soon after applying the electrode (within 30s) and after
removal of moisture. We recorded the impedances between
each pair of electrodes according to the change of frequency
(1 Hz-1 KHz). We measured the ECG signals using an ECG
amplifier (ECG100C, BIOPAC Systems) and set the frequency
range of the ECG filter between 0.5 and 100 Hz. Using a tread-
mill exercise, we investigated the effect that motion would have
on the measurement of ECG. We attached our PDMS electrodes
onto both of the subject’s arms (at the center of each forearm). To
minimize the artifact induced by the extension cable of the ECG
amplifier, we fixed the cable onto the body. For long-term mon-
itoring of ECG signals, the essential requirement is that there
must be a minimization of electrode-derived skin damage. To
examine the effect of electrodes on the skin, we continuously
attached our polymeric electrodes onto the three candidates’
forearms for 7 days. After 7 days of use, we investigated the
influence of the surface electrodes on the skin that they covered.

3. Results and discussion
3.1. Fabrication and packaging

We successfully fabricated dry electrodes that had a PDMS-
based surface, and Fig. 2 shows a picture of a constructed
electrode wearable on the forearm. The Au (3000 A) and Ti
(300 A) layers were deposited stably on the surface of the PDMS
layer and the metal patterns were created effectively through the
chemical etching process which has been previously described
[13]. The minimum width of the metal patterns that can be
created via our fabrication process was 10 um, and this size
is sufficiently small for the application of surface electrodes.
We carried out the peel-off test using adhesive tape (3 M), and
the patterns stably adhered to the PDMS surface. We did not
experience the peeling of metal patterns during the short-term
(a few hours) or the long-term (7 days) experiments. We suc-
cessfully produced the base structure using a UV-LiGA mold
inserter via the simple fabrication process. The electrode layer
was uniformly bonded along the base structure’s curvature. We
bonded the wire firmly onto the metal pattern and observed
no disconnection even in the long-term experiments. The inset

Fig. 2. Image of fabricated electrode (inset: picture of electrode wound around
the forearm).

of Fig. 2 shows a picture of an electrode wound around the
forearm.

3.2. Measurement of impedances

Skin conductivity varies according to variations of the prop-
erties of either the stratum corneum or sweat glands and sweat
ducts. In particular, the variation of impedance increased dur-
ing dry-electrode use in response to changes in skin moisture,
time, and pressure. To create reproducible measurements, we
measured the impedance under the following conditions: (1)
electrodes were positioned at constant locations at constant pres-
sures, (2) measurements were carried out in 1 day, and (3) each
measurement was carried out after removal of sweat. Under these
conditions, we measured the impedances of both our electrode
and the Ag/AgCl electrodes according to frequency changes,
and Fig. 3 plots the results.

We conducted impedance measurements five times in each
subject, and the results are shown in Fig. 3. The impedances
of PDMS and Ag/AgCl electrodes (Fig. 3) are the mean
value with standard deviation. We measured the impedance
in relation to frequency ranges of 1 Hz—1 KHz. According to
these measurements, the impedance of our PDMS electrode
was much higher than that of the Ag/AgCl electrode at a
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Fig. 3. Impedances according to the frequency changes (1 Hz—1 KHz).
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Fig. 4. 40h of impedance monitoring (impedance values are the mean of five
measurements).

frequency lower than 100 Hz. However, these impedance dif-
ferences become almost similar at a frequency higher than
100Hz. The trend of impedance according to the frequency
change is similar to that of Karilainen’s result [10]. We traced
the impedance changes over the course of 40 h to monitor the
long-term performance of PDMS electrodes. The result is plot-
ted in Fig. 4. As expected, the impedance changed according
to time because the environment and skin status, among other
factors, are varied. However, the ECG signals were stably mea-
sured in spite of such impedance variations. In particular, the
impedance declined significantly after the 24 h period, and we
suspect that the skin under the electrode was slightly more
moist.

(a) _ PDMS-Based Electrode - Rest

Voltage [V]
o
o

0 1 2 3 4
Time [sec]

(©) ,5.  Ag/AgCI Electrode - Rest

Voltage [V]
(=]
=

-1.5 T T

0 1 2 3 4
Time [sec]

J.-Y. Baek et al. / Sensors and Actuators A 143 (2008) 423—429

10 : : ’ . - . .
Ag/AgCI Electrode

(U RS TN Y I P

PDMS-Based Electrode

(=2 ]

Voltage [V]
Sén

{
o
3

!

j

H

z
=
4
EL
:

i

5
,’?

]
o

w
—
w
w
—
S

Time [sec]

Fig. 5. ECG signals from the PDMS-based electrode and from the Ag/AgCl
electrode.

3.3. Measurement of ECG signals

We measured the ECG signals using PDMS electrodes and
Ag/AgCl electrodes at the lead I position, and the results are
illustrated in Fig. 5. In comparison with the ECG signal of the
PDMS and the Ag/AgCl electrodes, we discovered no significant
differences between the two signals. The P, QRS, and T waves
appeared clearly. The waveform of the ECG signal from the
PDMS electrode was almost similar to that from the Ag/AgCl
electrode.

We investigated the motion effects through the treadmill test
and set the treadmill speed at 5 km/h. We measured the signals
under both the rest status (which refers to the status existing
just before the start of the exercise) and the exercise status.
Fig. 6a and c illustrate the ECG signals of the PDMS elec-
trode and of the Ag/AgCl electrode under the rest status just
before exercise, and both signals were stable and almost the
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Fig. 6. ECG signals from the PDMS-based electrode and from the Ag/AgCl electrode before and after exercise (1 min after start of exercise, (a)—(d)).
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0

Fig. 7. (a) Skin under the PDMS-based dry electrode after 7 days of use, (b) skin under the Ag/AgCl electrode after 2 days of use.

same. We measured the signals of the PDMS electrode and of
the Ag/AgCl electrode under exercise conditions, and Fig. 6b
and d present the measurements. The motion had a greater
effect on the ECG signal of the PDMS electrode than on that
of the Ag/AgCl electrode; however, the R-wave was sufficiently
detectable. The reason for this larger motion artifact is, in part,
due to the high impedance of our dry electrode. Other reasons
may be the unstable connection between the thin electrode wire
and the thick ECG extension cable. This connecting area was
shaken during the exercise period, even though we had fixed
the cable and wire firmly to the body. We expect that the devel-
opment of proper connection methods can reduce such motion
artifacts.
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3.4. Observation of the electrode’s wearing effect

We examined the effect of surface electrodes on the skin.
Three candidates attached both the dry electrodes and the
Ag/AgCl electrodes to their forearm for 2 days. We investigated
the influence of the two electrodes on the skin. In the case of
the dry electrodes, we discovered no significant changes of the
skin, such as irritation or itches, even under sweating conditions.
However, the skin under the Ag/AgCl electrode turned red and
became itchy in two subjects (Fig. 7b), so we stopped using the
Ag/AgCl electrode in the experiment. We continued the exper-
iment using our dry electrode for 1 week. Fig. 7a illustrates the
status of the skin under our dry electrode, and we found no red

0

PDMS-Based Electrode - Run(5km/h)
(After 7 days' wearing)

1.59

1.04

0.5+

0.0

-0.54

-1.04

-1.5

2
Time [sec]

Fig. 8. Micrographs of electrode surface. (a) Before and (b) after 7 days of use. And ECG signals from the PDMS-based electrode after 7 days of use (c) and (d).
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spots and subjects did not complain of itchiness. With our PDMS
electrode, the subjects could shower or swim by disconnecting
only the signal lines. To investigate the influence of 7 days of
use, three subjects wore the electrode for 1 week continuously,
after which time, the following two tests were carried out: (1) we
examined the surface of the electrode with optical microscopy to
observe the microcracks; (2) we measured the resistance of the
electrode to examine if such microcracks influence the electrical
properties of the electrode. Fig. 8a and b illustrates the micro-
graphs of the electrode’s surface before and after 7 days of use,
and more minor cracks were observed in the worn electrode as
expected. The electrical resistances of the two electrodes were
measured, and they were 0.035£0.021 and 0.252 £0.126 €2,
respectively. Even though a small increase of resistance was
observed, the electrode still had good electrical properties after
7 days of use. The ECG signals were measured after the elec-
trodes were worn for 7 days, and the result is plotted in Fig. 8c
and d. No significant differences were observed except a littler
baseline noise, indicating that our electrode can stably moni-
tor ECG signals despite long-term, continuous wearing. These
experimental results indicate that our electrode is wearable for
more than 1 week and that this electrode can replace the wet elec-
trode for use in long-term, unsupervised monitoring of personal
health.

4. Conclusion

In this paper, we successfully patterned a metal layer on a
thin PDMS substrate that was flexible and biocompatible, and
we produced a PDMS-based surface electrode for the long-term
measurement of ECG signals. Even though the impedance and
the motion artifact of the PDMS electrode were somewhat infe-
rior to those of the Ag/AgCl electrode, the PDMS electrode
measured ECG signals with comparatively good fidelity. Our
PDMS electrode may not replace the conventional Ag/AgCl
electrode. However, in special applications such as long-term,
unsupervised monitoring, our dry electrodes offer benefits
over wet-electrode technology, and these requirements increase
rapidly as ubiquitous and mobile health care technology pro-
gresses. In addition, we have discovered that our dry electrode
has no negative influence on the skin, even after 1 week of con-
tinuous wear. This finding reflects a noteworthy advantage of
the surface electrode for long-term monitoring.
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