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Indirect Skin Contact Electrocardiogram Monitoring System
Using Flexible Capacitive Electrodes
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It is gaining great importance to develop and integrate physiological sensors into daily healthcare. Especially,
electrocardiogram (ECG) is useful for the disease diagnosis and daily health monitoring, also for the driver’s
cognitive state monitoring. Capacitive ECG monitoring system, which enables to collect ECG with indirect skin
contact, is implemented in this study. Signal attenuation and noise contamination is considered by installing
flexible electrode, neutralization circuit, AC coupling circuit, Driven right leg (DRL), and DSP board in the
configuration. The system is evaluated with 5 subjects with a car in situations of engine off and on. R-wave
Detection Sensitivity (Se) and Positive Predictivity (P+) of 99.8% and 100% were obtained during the engine on.
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1. Introduction
It is gaining great importance to develop and integrate

physiological sensors into daily healthcare. Especially,
electrocardiogram (ECG) is useful for the disease diagno-
sis and daily health monitoring, also for the driver’s cog-
nitive state monitoring, which contributes to safety driv-
ing. ECG acquisition in driving scenes needs to be non-
invasive and less complex in order not to cause interferences
while driving. There are three major non-contact measuring
methods for ECG: radar Doppler monitoring [1], ballisto-
cardiograms (BCG) [2], and capacitive ECG monitoring
(cECG). Radar Doppler monitoring is based on the detec-
tion of back-scattered microwave signals modulated by the
heartbeat. Therefore, it is very sensitive to motion artifact
and requires complex data processing to identify heartbeat
signals [3]. BCG is also very sensitive to motion artifacts.
M. Walter et al. compared cECG and BCG monitoring in
an actual car, and reported that BCG signal distorted too big
to allow signal interpretation while ECG signal shown ac-
ceptable quality during driving [4]. H. J. Baek et al. also
compared accuracy of cECG and BCG by calculating cor-
relation and error between reference signals, and reported
cECG obtained higher correlation and less error than BCG
[5]. Although there are several issues need to be overcome
such as signal attenuations or noise contamination, cECG
has the most prospective potentials for vehicle use among
the others. The purpose of this study is to cope with these
issues and design reliable cECG monitoring system in driv-
ing scenes. The goal is to obtain adequate quality of R-
R intervals, which can be utilized for heart rate variability
(HRV) analysis.
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2. Method
The key issue of the system is to cope with disadvantage

of the cECG measurement, which is the continuous chang-
ing of capacitance between electrodes and driver’s body due
to body movements, vehicle vibrations, respiration, vary-
ing thickness of clothing and materials, as well as static
changes. These changes always cause a large amount of
noise; therefore the techniques are needed to extract the
small signals from the much larger noise signals. There are
two methodologies to improve the cECG measurement.

The first methodology is to avoid signal attenuation.
When bio-potentials are picked up through clothes, cou-
pling capacitances are of hundreds of pF when the insu-
lation layer directly placed over the skin decreases down to
a few pF when the clothing intervened [6, 7]. The smaller
coupling capacitance leads to the larger attenuation of sig-
nals. The common electrical equivalent circuit of a capac-
itive electrode forms voltage divider with bias resister Rb
and input capacity Cin (Fig. 1(a)). The transfer function
follows to:

H(s) = Vout (s)

Vs(s)
= sCc Rb

1 + s Rb(Cc + Cin)
.

The source voltage, coupling capacity, and the output
voltage are denoted as V s, Cc, V out , respectively. Regard-
ing Cc value of a few pF, Rb requires G� whereas Cin
needs to be as small as possible to realize ultra-high input
impedances in order to avoid signal attenuation. However,
Cin of operational amplifiers are in the order of a few pF
to tens of pF. Moreover, Cin comprises stray capacitances
of a PCB (Printed Circuit Board), which values are too high
to realize ultra-high input impedance. A technique called
‘Neutralization’ is one of the effective ways to compensate
this Cin. It consists in providing by a positive feedback,

S19



S20 I. Takahashi et al.

Fig. 1. Configuration of the cECG circuit. (a) Flexible capacitive electrodes with neutralization circuit. (b) AC coupling circuit. (c) DRL circuit. (d)
DSP board. (e) Size of the electrode.

Fig. 2. Capacitive electrode. (a) Appearance of the capacitive electrode. (b) Cross section of the capacitive electrode.

a current that equals the current flowing on Cin, thus neu-
tralizing the effect of this capacitance [8]. Another key to
avoid signal attenuation is to make large Cc. Each electrode
forms a coupling capacitance Cc with the driver’s body,
which is known to be: Cc = εA/d, where A is the effec-
tive surface area of the electrode, d is the thickness, and ε

is the dielectric constant of the clothes. For a high coupling
capacitance, large contact areas of electrode surface within
small distances from the body are essential.

The second methodology is to reduce noises contami-
nated in signals. One of the effective ways is the use of a
driven right leg (DRL) in which the common mode (CM)
signal from the two sensors is capacitively coupled onto
the driver’s body inversely. This technique also provides
cancellation for noise introduced by driver’s movement ar-
tifacts. Another noise rejection is achieved by differential
amplification and filtering after the signals are digitized.
The differential amplification of the combined electrode
signals provides amplification and reduces the CM noise.

In this study, cECG monitoring system is implemented
with consideration of these two methodologies. Then the
system is evaluated with 5 subjects in situations of engine
on and off with an actual car.

3. Implementation
Figure 1 shows the configuration of the cECG monitoring

system developed with the considerations of two method-
ologies mentioned above. Flexible electrode and neutral-
ization circuit was designed mainly for signal attenuation
avoidance, and AC coupling circuit, DRL, and digital filter-

ing by DSP are made for noise suppression.
3.1 Flexible active electrode

Capacitive electrodes are especially difficult to employ
compared to gel-based counterparts due to the high capac-
itive source impedance. Small effective area of electrode
sensing surface and low signal frequencies (10–30 Hz) re-
sult in extremely high source impedances. Therefore, even
small variations in the coupling capacitance and distance
between channels can lead to large amounts of distortions
due to signal attenuation and the mismatches of channels.
This can be somewhat mitigated since large effective elec-
trode surfaces are permissible. It is important to consider
the size and curvature of the electrode. Because the sur-
face of the human torso is curved, air gaps were created be-
tween the capacitive electrode face and the subject’s back,
resulting in poor contact and a low signal noise ratio (SNR)
signal, which deteriorates signal quality. To acquire flex-
ibility and large electrode surface is a key to improve the
cECG measurement. In this study, polyimide was used to
realize these features. The electrode is consisted with four
layers of copper plates and two layers of 50 µm thick poly-
imide plates Fig. 2(b). Prepreg, 70 µm thick, is sanded with
17 µm thick copper plates, and is covered with the poly-
imide plates. Copper plates, 35 µm thick, are placed exte-
rior of the polyimide plates, and one side is used for a circuit
layer of the component, and the other side is for electrode
face. Both outer sides of the layer are covered with 50 µm
thick insulation layer of the electrode. The total thickness
of the electrode is about 370 µm; therefore, it can be easily
bended as shown in the Fig. 2(a) and fits to the curvature of
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Fig. 3. Equipments and testing posture of the cECG monitoring system evaluation. (a) Sitting posture on a car seat. (b) Electrodes position and
equipments of the cECG acquisition.

the body, which realizes large effective electrode surface.
Fig. 1(e) is a photo of the electrode. The height and width
of the electrode are 120 mm and 70 mm, respectively, and
all corners are rounded radius of 5 mm.
3.2 Neutralization circuit

Input capacitances Cin from the amplifier and stray ca-
pacitances on the PCB are not avoidable. It causes signal at-
tenuations due to the voltage divider formed by Cc and Cin
(Fig. 1(a)). The idea of neutralization is to provide a posi-
tive feedback of a current that equals the current flowing on
Cin. This technique was historically used for micropipette
electrodes [9], and is gaining its attention to cECG mea-
surement nowadays [8]. The neutralization circuit employs
a potentiometer, Rn1 and Rn2, which controls the amount
of positive feedback λ couples back to the input through the
neutralization capacitor Cn as shown in Fig. 1(a). By ad-
justing λ, the current on Cn may exactly compensate for
the current on Cin, thus neutralizing the effect of this ca-
pacitance. Complete neutralization can be realized when λ

= Cin/Cn + 1. In this situation, the current flowing on Cn
may exactly compensate for the current on Cin. Therefore,
the signal attention can be avoided.
3.3 DRL and AC coupling circuit

Minimizing CM noise is essential for cECG measure-
ment, because the cECG is weak for the CM noise due to
high impedance between the capacitive electrode and the
body, and its variations. DRL is the technique that reduces
the CM noise from power line, electric devices or body
movements, and it works with fully capacitive system [10].
The CM voltage (VCM) on the body is sensed by the two
averaging resistors, inverted, amplified, and fed back to the
third capacitive electrode (Fig. 1(c)). The third capacitive
electrode is formed with 140 mm × 140 mm conductive
fabric covered with thin plastic layer. The electrode is at-
tached on the bottom of a seat. Another contributor of CM
noise reduction is a differential amplifier. The differential
amplifier we used, AD620 manufactured by Analog De-
vices, achieves a common-mode rejection ratio (CMRR) of

approximately 100 dB. However, the differential amplifier
gets malfunctioned due to electrode offset, so that input AC
coupling is needed to suppress DC component. The sim-
plest AC coupling technique is a passive high-pass filter in
front of the amplifier. It is simple and suitable low power
applications, but grounding resistor reduces the input com-
mon mode impedance, which degrades the effective CMRR
due to the potential divider effect. Therefore, AC input cou-
pling circuit was settled in order not to require any grounded
resistor to realize high CMRR (Fig. 1(b)) This technique
refers to [11].
3.4 Digital filter by DSP

TMS320C6713 DSP (Spectrum Digital Inc.) was used
for digital filtering in order to realize real time signal pro-
cessing with easy modifications and fabrications, and high
reliability. The filters were designed by Filter Design Tool-
box in Matlab 2009b and embedded into the DSP board
through Code Composer Studio v3.3 (Texas Instruments
Inc.). The IIR band-pass filter was designed by following
specifications: Butterworth, sampling frequency of 8 kHz,
filter order of 4, and cut-off frequency of 10 Hz and 30 Hz.

4. Evaluation
Quality of R-wave detection is investigated in order to

verify the reliability of the implemented cECG monitoring
system. It was tested in two situations, engine on and off,
by 5 males (mean ± SD = 26.6 ± 3.9 years old) with the
configuration shown in Fig. 3. Range of the body mass in-
dex (BMI) among the subjects were 16.7 to 28.6 kg/m2. A
car, SUNNY manufactured by Nissan in 2003, was used in
the test. AC coupling circuit, DRL circuit, and a differen-
tial amplifier was settled on a breadboard, and the cECG
electrodes and DRL plane was connected to the board. The
reference signal was measured from the wet electrodes at-
tached on a subject’s chest as shown in Fig. 3(a). The elec-
trodes were placed 25 cm vertically high from the bottom
of a car seat and arranged side-by-side, 8 cm apart and mir-
roring each other. DRL plane was placed bottom of the seat
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Fig. 4. Signals obtained from implemented cECG monitoring system from a subject. (a) Engine off. (b) Engine on.

Table 1. Summary of Se, P+, and RMSE during the engine off and on.

(Fig. 3(b)). During the test, subjects kept still on the seat
for 60 seconds with 1 shirt. The material and thickness of
the shirt was not identified.

5. Result and Discussion
Figure 4 shows an example of the signals obtained from a

subject. Though noise contaminated into the signal during
the engine on compared with the situation engine off, R-
waves are visible and it is clear enough to detect its’ peaks.
Quality figure of R-wave detection algorithm is given by
Detection Sensitivity (Se) and Positive Predictivity (P+):

Se = T P/(T P + F N ) × 100%,

P+ = T P/(T P + F P) × 100%,

where T P stands for true positives, which is the total num-
ber of peaks correctly detected by the detector. F N and F P
denoted as false negative and false positive, respectively.
The RRI detection performance analysis metric, which is
used for the validation of the test result, is the root mean
square errors (RMSE) between the reference signals. The
algorithm is tested on 60 seconds ECG data for each sub-
ject, which obtained from cECG system. Table 1 tabulates
the test results of R-wave detection for cECG measuring.

Overall averages of Se and P+ during the engine off were
99.8% and 100%, and the engine on were 99.8% and 100%,
respectively. Although RMSE increased during engine on
compared with when it is off, the average is 11.3 ms. The
sampling rate of commercial heart rate variability instru-
ments varies from 128 to 1000 Hz [12]. The accuracy of
QRS detection is 8 ms in case the sampling frequency is
128 Hz. The 11 ms RMSE is only a little larger than the 8
ms which is the sampling rate of heart rate variability instru-
ments. It is considered that the detection accuracy is accept-
able for HRV analysis. The proposed system is prospective
for practical use from the point that these results are ob-
tained from the subjects who had wide range of BMI, 16.7
to 28.6 kg/m2, and different materials and thickness of the
wearing shirt.

6. Conclusion
Sufficient results, Se of 99.8% and P+ of 100% with low

RMSE of 11.3 ms were obtained from 5 subjects in the sit-
uation of engine on with an actual car. The flexible active
electrode with neutralization circuit, AC coupling, DRL cir-
cuit, and digital filtering by DSP helped to reduce noise as
well as signal attenuation. As further studies, it needs to be
tested in driving scenes. Road vibrations, steering, pedal-
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ing, or levering movements, as well as driver’s multi layers
of clothes might deteriorate the signal quality. These issues
need to be investigated for practical use of the system.
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