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Abstract—A wearable electrocardiogram (ECG) acquisition
system implemented with planar-fashionable circuit board
(P-FCB)-based shirt is presented. The proposed system removes
cumbersome wires from conventional Holter monitor system for
convenience. Dry electrodes screen-printed directly on fabric en-
ables long-term monitoring without skin irritation. The ECG mon-
itoring shirt exploits a monitoring chip with a group of electrodes
around the body, and both the electrodes and the interconnection
are implemented using P-FCB to enhance wearability and to lower
production cost. The characteristics of P-FCB electrode are shown,
and the prototype hardware is implemented to successfully verify
the proposed concept.

Index Terms—Dry electrodes, electrocardiogram (ECG), elec-
trodes, Holter monitor, planar-fashionable circuit board (P-FCB).

I. INTRODUCTION

H EART disease is one of the major causes of death around
the world. For example, in the United States, 26.6% of

population died of heart disease, in the year 2005. An impor-
tant aspect of the disease is that the sooner it is detected, the
better quality of life the patient will have. Ambulatory elec-
trocardiogram (ECG) monitoring is a good candidate for the
detection of heart diseases; however, the difficulty comes from
asymptomatic or intermittent properties of many chronic heart
problems. Therefore, long-term monitoring is essential in de-
tecting and treating the disease [1].

The first approach in detecting heart disease was the clinical
ECG monitoring system [Fig. 1(a)], but this system is not appro-
priate for ambulatory monitoring because of the large size of the
machine. Therefore, several studies attempted to continuously
provide an ECG monitoring in everyday life. A good example of
this is the Holter monitor system [Fig. 1(b)]. The subject wears
and records his/her ECG data on 24-h basis. However, cumber-
some wires make it inconvenient to use—there are typically six
to ten wires worn around the body all day. Moreover, wet elec-
trodes may result in skin irritation and signal degradation due to
dehydration [2]. Thus, this approach is unsuitable for long term,
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Fig. 1. (a) Clinical ECG monitoring system. (b) Conventional Holter monitor
system. (c) Proposed ECG monitoring shirt with P-FCB electrodes.

continuous monitoring over several days. Meanwhile, a wear-
able health care system based on knitted integrated sensors was
proposed [3]. It integrates sensors, electrodes and connections
with conductive and piezoresistive yarn; it successfully proved
the feasibility of fabric sensing elements and recording ECG
signals with them. The only drawback of the system is that the
production cost is high due to the knitting and interconnecting
processes of the conductive yarn that have to be done addition-
ally along with the conventional yarn, during the production of
clothing itself. Digital plaster for the body area network (BAN)
is another example [4]. A small patch integrates an ECG moni-
tor with a battery and an industrial, scientific and medical (ISM)
band wireless transceiver. This smart approach solves the con-
venience requirement of everyday life ECG monitoring: the
subject can monitor the ECG data, and throw the sensor away
afterwards. However, security and interference-resilient require-
ments are stringent for health monitoring, and, therefore, using
an open-air wireless ISM band is unsuitable. Also, some people
are reluctant to patch batteries directly on their skin all day.

Therefore, to solve the convenience and reliability problems,
this paper presents a wearable ECG monitoring system with a
compact planar-fashionable circuit board (P-FCB) technology-
based shirt [5], [6] with low power consumption [Fig. 1(c)].
P-FCB technology enables dry electrodes and interconnection
in the monitoring shirt at low cost.

This paper is organized as follows. Section II describes the
system concept and the architecture of the proposed continu-
ous ECG monitoring system. In Section III, P-FCB is examined
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Fig. 2. Block diagram.

Fig. 3. Wire-bonded chip on fabric.

carefully, and the properties of dry P-FCB electrodes are de-
scribed. Section IV shows in detail the system implementa-
tion and measurement results. Finally, Section V concludes the
paper.

II. SYSTEM ARCHITECTURE

The proposed wearable continuous ECG monitoring system
is composed of two parts: a group of P-FCB ECG electrodes and
an ECG monitoring chip. For convenience, the monitoring shirt
removes wires; interconnection is performed by P-FCB, and the
electrodes are directly printed on the shirt itself, or the P-FCB
electrodes on a small piece of a patch can be attached to the shirt
as well. The basic concept is to integrate all the cumbersome
wires and system into the clothes itself at low cost. The shirt-
type clothes system is powered by a single 3.6 V, 1/2-AA size
lithium battery, and the clothes can continuously operate and
collect data from body up to 14 days without replacing the
battery. To ensure continuous monitoring without stimulating
skin, dry fabric electrodes are used at the sensors.

Fig. 1(c) shows the concept of the proposed ECG monitoring
shirt. Six differential electrode pairs are placed around chest,
as in standard chest lead electrode placement in conventional
Holter monitor systems. In this figure, the P-FCB electrodes are
intentionally attached outside of the monitor shirt (instead of
inside) to show the concepts. During monitoring, the electrodes
are placed on the inside, so they will be directly attached to the
skin.

Fig. 2 is a block diagram of the proposed ECG monitoring
system. Although this version of ECG monitoring system is im-
plemented as a separate PCB board (except for the electrodes
and the interconnections) because of debug interfaces and ex-
ternal memory, future versions will be directly integrated on the
shirt as well as electrodes. Fig. 3 illustrates a chip directly wire-
bonded on fabric. Then, a molding is applied, and as the molding
hardens, its mechanical strength is sufficient to endure over 50

Fig. 4. (a) SEM image of the P-FCB cross section (1500× magnified).
(b) Surface micrograph of the P-FCB (100× magnified).

machine washings. More details on the P-FCB technology will
be given in Section III.

The system is composed of P-FCB electrodes, the ECG mon-
itoring chip, an 8051 MCU, an external memory, a debug inter-
face, and a USB interface. The developed ECG monitoring chip
includes an instrumentation amplifier with a programmable gain
amplifier, an analog-to-digital converter (ADC), a compression
accelerator, and an encryption block. The detailed architecture
of the chip will be discussed in Section IV. Due to the P-FCB
resolution (200 µm), the number of wire bonding pads is very
limited, so the number of off-chip components must be mini-
mized; therefore, on-chip devices are aggressively used. As a
result, only nine off-chip capacitors and resistors are used to
operate the ECG monitoring chip.

P-FCB allows the monitoring shirt to bend freely and to
closely attach to the body, so a subject will feel comfortable
during monitoring in everyday life. The ECG monitoring chip
is connected to a differential electrode pair, and the ECG data
will be captured and stored.

III. DRY ELECTRODES ON CLOTH

With chronic use, conventional Ag/AgCl wet electrodes show
signal quality degradation as the electrolyte gel dehydrates.
Moreover, there are toxicological concerns regarding electrolyte
gels [2]. Therefore, to ensure continuous monitoring without
harm, dry electrodes made out of fabric are used. In this section,
P-FCB technology is shown, and dry P-FCB electrode charac-
teristics are described in detail.

A. P-FCB

P-FCB is the planar printed circuit on fabric [5], [6]. Silver
paste (Changsung Co. CSP-3163 or Fusikura Kasei Co. Dotite
D-500) is directly screen printed on fabric to form patterned
electrodes or a circuit board; the paste is a mixture of silver,
polymer, solvent, polyester, and cyclohexanone to achieve
high conductivity and adhesiveness [6]. Fig. 4(a) is an SEM
photograph of the P-FCB cross section (1500× magnified), and
Fig. 4(b) shows the surface micrograph of the P-FCB (100×
magnified). The thickness of the paste is approximately 10–
30 µm, and the minimum resolution of the process is currently
200 µm. The sheet resistance of the P-FCB ranges between
0.01 and 60 mΩ/�, as measured by a standard four-point probe.

Fig. 5 shows the P-FCB passive elements such as (a) an
inductor, (b) a resister, and (c) a capacitor. The inductor has
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Fig. 5. Passive elements implemented by P-FCB. (a) Inductor (b) Resistor.
(c) Capacitor.

Fig. 6. Bandwidth of a P-FCB transmission line (15 cm long, 1 mm wide) [6].

an outer diameter of 30 mm, inner diameter of 15 mm, and
the number of turns = 4. This inductor has Q = 10.2 and L =
0.98 µH, and the wandering type resister has R = 85 Ω. Finally,
the capacitor is composed of two 35 × 20 mm electrodes, and
is measured to have C = 10 nF. These passive elements are
essential in forming a complete system. P-FCB can also be used
as a wire. Fig. 6 shows the bandwidth of a P-FCB transmission
line 15 cm long and 1 mm wide, measured with a vector network
analyzer [6]. Its bandwidth is 80 MHz, and this is sufficient to
deal with bio signal processing.

Chips can be directly wire bonded and molded on fabric as
well, as was shown in Fig. 3. Mechanical strength of the P-FCB
is tested through washing tests; after 50+ times, electrical char-
acteristics change is negligible [6]. As a result, the monitoring
shirt can be easily made at low cost, and the wearability and
flexibility are improved.

B. Dry P-FCB Electrode

An Ag/AgCl electrode with electrolyte is commonly used
in ambulatory ECG monitoring [Fig. 7(a)]. The electrolyte gel
forms a conductive path between the skin and an electrode, so

Fig. 7. Electrodes. (a) Wet-type (Ag/AgCl with electrolyte). (b) Dry type
(metal contact). (c) Dry type (P-FCB).

the skin-electrode impedance is small, and stable reception of
the signal is obtained. However, there are several reasons why
the wet-type is inappropriate for ambulatory ECG monitoring
over several days.

1) Signal degradation. As the electrolyte gel dries out, the
skin-electrode impedance changes, and signal quality de-
grades. Re-applying the gel may mitigate degradation, but
it is inconvenient to do so.

2) Inconvenience. Applying and removing the gel type elec-
trode is unpleasant for both the patient and the clinician.
This activity results in material and time costs.

3) Safety. There are toxicological concerns about the elec-
trolyte gel within the Ag/AgCl electrodes; [7] indicates
the gel ingredients may result in dermatitis.

To overcome these drawbacks of conventional wet electrodes
for long-term monitoring, dry electrodes are considered as an
alternative to the wet electrode [3], [8]–[11]. Fig. 7(b) shows the
metal electrodes on the PCB board [8]. Attaching the electrode
to the skin will successfully capture ECG data. This type of
electrode is convenient and does not always cause dermatitis.
However, since the electrode is coated on a stiff plastic board,
it is uncomfortable to wear it over several days. A biopoten-
tial fiber sensor (BFS) successfully mitigates the stiffness by
using coated fabric strands as an electrode [9]. Although the
performance of BFS is good, its thin-film production process
is complicated, including, for example, electrochemical deposi-
tion with the rapid dipping technique, and hence, too expensive.
Moreover, it uses an inconvenient wired approach. A nonwoven
fabric active electrode [11] is another good approach, but it still
involves cumbersome wires, and it does not offer a direct chip
integration solution.

P-FCB solves the above-mentioned problems simultaneously.
Fig. 7(c) shows the proposed P-FCB electrodes. The silver paste
is screen printed on fabric; the diameter of the electrode is
15–25 mm, and the distance between the two electrodes is
25–35 mm. Due to the flexibility of the fabric, it attaches well
with respect to convexity of skin, and the effective contact area
is increased, so the signal quality is better than that of [8]. This
thick-film process does not involve any complicated process, so
the production cost can be lowered compared to [9].

In dry electrodes, skin-electrode contact impedance is an im-
portant factor. If the impedance is too large, the loading effect
degrades the signal strength that will be fed into the ampli-
fier. Also, more noise will be induced. However, measurement
reveals that the dry electrodes have approximately ten times
higher contact impedance than the wet type. Fig. 8 shows the
measured skin-electrode contact impedance of P-FCB and wet
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Fig. 8. Skin-electrode contact impedance of electrodes.

Fig. 9. Measurement setup for electrode distance effect.

electrodes. ECG signal bandwidth lies between 1 and 200 Hz,
and the wet type has an impedance of around 2–20 kΩ within
the band. On the other hand, contact impedance of a dry P-FCB
electrode ranges between 10 and 800 kΩ, and the smaller the
electrode size, the bigger the impedance. Therefore, to mini-
mize the loading effect, the proposed system is designed to have
higher input impedance at the instrumentation amplifier input
than the conventional system.

The sensor patch has differential electrodes, as shown in
Fig. 7(c). As the distance between the electrode changes, the
captured signal strength varies. To find the optimal distance be-
tween the electrodes, the ECG magnitude after amplification
(instrumentation amplifier output) is measured with respect to
the distance between two electrodes. The measurement setup
is shown in Fig. 9. Two P-FCB electrodes, both attached to
the chest of a subject, are connected to a sensor patch, and the
output of an instrumentation amplifier (IA) at the sensor IC
is measured by an oscilloscope while altering the distance be-
tween electrodes. Gain of the IA is fixed to 200. Fig. 10 shows
the result for a 20 mm diameter circle type electrode and a
20× 20 mm square type electrode: the maximum signal strength
is obtained at the distance of 10 cm, and if the distance is close
enough, distance effect is negligible. Considering the chest size,
the distance between the electrodes is set as 25–35 mm.

Fig. 10. Signal strength versus distance between electrodes.

Fig. 11. ECG monitoring chip architecture.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS

Fig. 11 is the architecture of the ECG monitoring chip. It
is composed of an instrumentation amplifier (IA) with a pro-
grammable gain amplifier, a 10 b SAR ADC, a compression ac-
celerator, an AES-128 encryption accelerator, an internal mem-
ory, an MCU, I/O interfaces, and a pair of P-FCB electrodes.
The electrodes are capacitively coupled to the IA input. Cap-
tured ECG signal is amplified at IA and fed into 10 b SAR ADC;
the converted data is compressed with the quadratic level com-
pression accelerator [5] and then encrypted, before being stored
in the internal memory. For high security, AES-128 accelerator
is used [12]. External memory can be used through the external
memory interface if the internal memory becomes full. Internal
memory is accessed by a fast-mode I2C interface.

The chip is powered by a single 3.6 V, 1000 mAh, 1/2-AA size
battery. When one channel is active, 3.0 mW minimum power
consumption is measured, and this translates into 14 days of
continuous ECG monitoring without replacing the battery. This
is sufficient for 7-day ambulatory monitoring, which is essential
for tracking heart disease [1].

The ECG monitoring shirt with the electrodes is implemented
using P-FCB technology; electrodes and interconnections are
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Fig. 12. Implemented ECG monitoring system board.

Fig. 13. ECG signal captured by the system. (a) With wet electrodes. (b) With
P-FCB electrodes.

provided by P-FCB, and the monitoring chip with subsidiary test
blocks are implemented as a separate PCB board (Fig. 12). To
minimize the motion artifact, mild pressure (below 20 mmHg) is
required. Therefore, sportswear is selected so the shirt adheres
closely to a subject’s body, and, consequently, the electrodes
will adhere to the body. The electrodes and the interconnection
are printed on a nonstretchable cloth and are attached to the
shirt via adhesives. When a subject wears the monitoring shirt,
the electrodes are placed around the subject’s chest, and ECG
signal is captured with the monitoring chip. The proposed sys-
tem is implemented as conventional PCB board, except for the
electrodes and the interconnections between the board and the
shirt.

Fig. 13 is the measurement result showing the monitoring sys-
tem successfully capturing the ECG signal when the electrodes
are attached to the chest. For comparison, both 3M Red Dot
wet electrodes and the P-FCB dry electrodes are alternatively
connected to monitoring chip. Fig. 13(a) is the signal captured
with wet electrodes, and Fig. 13(b) is recorded with the dry
electrodes (not at the same time, but at the same spot). The
P-FCB electrode shows a little more distortion: since the
P-FCB dry electrode has larger electrode impedance than that of
a 3M Red Dot electrode, captured ECG signal is smaller in the
P-FCB case, and therefore, the ECG signal is more prone to
noise. Therefore, more gain at IA would mitigate the distor-
tion. However, the captured ECG waveform with the P-FCB
electrodes is sufficient to detect many heart-related problems,
especially that of arrhythmia. Table I summarizes the perfor-
mance and key features of the proposed system.

TABLE I
PERFORMANCE SUMMARY

V. CONCLUSION

A wearable ECG acquisition system for ambulatory ECG
monitoring over a very long period is implemented with P-FCB
technology. The proposed system exploits a monitoring shirt
with dry P-FCB electrode that removes cumbersome wires to
increase wearability, and unlike conventional wet electrode, it
is free from the skin irritation problem and, thus, is suitable
for long-term monitoring. The prototype hardware was imple-
mented to successfully verify the proposed system, and the mea-
surement results were shown.
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