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The aim of this study was to evaluate a conductive/capacitive hybrid electrocardiogram
(ECG) measurement method for monitoring the drowsiness of a driver during car driving. A
triple-layer capacitive-coupling electrode comprising driven-shield and sensing electrodes was
introduced to reduce the ambient noise, such as the electrostatic induction noise caused by
buttock friction. An experiment modeling a car interior showed that the triple-layer electrode
successfully reduced the baseline fluctuation and stably measured the ECG R-peaks. The result
shows the feasibility of stable R-R interval detection during driving using the conductive/
capacitive hybrid ECG measurement system.

1. Introduction

The monitoring of various biological signals of drivers when driving, such as the heart rate,
blood pressure, and eye movement, has attracted attention as a way to determine the driver’s
state and to support driving.013) For example, biological signals such as the fluctuation spectrum
of the R—R interval (RRI) of an electrocardiogram (ECG) are measured to identify the active
and relaxed states of the driver.*>) Such measurements allow the detection of whether the driver
is drowsy, and driving in a state of drowsiness can be prevented via RRI analysis.®~® However,
for RRI analysis with practical detection accuracy, it is necessary to measure the RRI stably for
at least 1 min. Considering this requirement, the implementation of measurement electrodes,
noise in the car, and physiological effects on the driver are serious factors that can affect the
detection accuracy.®!9 Although ECG measurement with a high signal-to-noise ratio (SNR) can
be achieved by installing electrodes on both sides of the steering wheel, it is not practical for the
driver to hold the steering wheel with both hands for a long time without taking the hands off the
wheel. Capacitively coupled electrodes enable the unconstrained measurement of an ECG;
however, baseline fluctuations due to environmental and electrostatic induction noise degrade
the signal quality.(!'~1) In this study, to realize unconstrained and accurate ECG measurement
during driving, we explored a measurement method in which conductively and capacitively
coupled electrodes are used together (i.e., a conductive/capacitive hybrid ECG measurement
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method) (Fig. 1).1® A triple-layer structure was implemented for the capacitively coupled
electrode and evaluated from the viewpoint of noise reduction and RRI detection.

2. Measurement Setup

Figure 2 shows the entire measurement setup, modeled as the interior of a car. A human
subject sat on a chair and grasped the steering wheel with both hands or the right hand, assuming
a driving situation. The ECG of the subject was measured using the conductive/capacitive
electrodes, an ECG measurement circuit, and an oscilloscope. Stainless steel electrodes were
used as the conductive electrodes in the steering wheel. Three types of capacitively coupled
electrode (i.e., a single-layer copper plate, conductive fabric, and triple-layer electrode) were
installed on the seat for comparison. The human subject was a Japanese adult male wearing
cotton pants. The participation of human subjects was approved by the Research Ethics
Committee of Tokyo University of Science, and written informed consent was obtained from the
participant prior to the experiment.

2.1 ECG measurement circuit

To evaluate the measurement accuracy of the ECG and identify the noise source in an actual
environment, we built a measurement circuit in which the cutoff frequency of the filter and the
signal gain can be adjusted. Figure 3 shows a block diagram of the ECG measurement circuit.
The circuit consists of an instrumentation amplifier with gain G; of 10.7 times, a notch filter
with a center frequency f, = 50 Hz, a low-pass filter with cutoff frequency f,; = 40 Hz, a high-
pass filter with cutoff frequency f., = 5 Hz, a noninverting amplifier circuit with gain G, of 21
times, and a high-pass filter with cutoff frequency f.; = 1.6 Hz. An instrumentation amplifier
with a high input impedance of 1 TQ was used to measure the low voltage of the ECG. A 50 Hz
notch filter was used to prevent interference from the commercial power supply. A 5-40 Hz
band-pass filter realized using the low- and high-pass filters was used to detect the R-waves. A
1.6 Hz high-pass filter installed during the final stage was used to remove the offset voltage
accumulated in each operational amplifier. Figure 4 shows a schematic of the ECG measurement
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Fig. 1. (Color online) Conductive/capacitive hybrid ECG measurement.
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Fig. 2. (Color online) Measurement setup modeling the interior of a car.
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Fig. 3. Block diagram of the ECG measurement circuit.
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Fig. 4.

Schematic of the ECG measurement circuit.

circuit and Fig. 5 shows a photograph of the entire circuit. The instrumentation amplifier was
separated from the filter and amplification circuits to improve the SNR against environmental
noise that was introduced through the wiring. Furthermore, this separated placement improved
the ease of handling of the measurement circuit, such as the connection to the electrodes. The

ECG signal processed by the circuit was finally measured using an oscilloscope.
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Fig. 5. (Color online) Photograph of the complete ECG measurement circuit.
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Fig. 6. (Color online) Triple-layer capacitive-coupling electrode.

2.2 Triple-layer electrode

Figure 6 shows the triple-layer capacitive-coupling electrode, which comprises driven-shield
and sensing electrodes. An FR-4 substrate (thickness = 1.6 mm) is inserted between the
electrodes as an insulating layer. The driven-shield and sensing electrodes are connected via a
voltage follower to maintain them at the same voltage potential. A driven-shield electrode is
often implemented to reduce the leakage electric field or current in dielectric measurements and
electrostatic sensors.(!?) In the ECG measurement, the triple-layer capacitive-coupling electrode
is expected to reduce the ambient and electrostatic induction noise caused by buttock friction.

3. Results and Discussion

Figure 7 shows four measurement scenarios. Figure 7(a) shows a conductive ECG
measurement using the two conductive electrodes placed on the two sides of the steering wheel.
Figures 7(b)-7(d) show a conductive/capacitive hybrid ECG measurement using the conductive
electrode placed on the right side of the steering wheel and the three types of capacitively
coupled electrode on the chair. Figures 8(a)—8(d) show the ECG waveforms measured using the
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Fig. 7. (Color online) Measurement scenarios with different combinations of electrodes. (a) Conductive, (b)
conductive/capacitive (copper plate), (c) conductive/capacitive (conductive fabric), and (d) conductive/capacitive
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Fig. 8. (Color online) Measured ECG waveforms.
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setups in Figs. 7(a)-7(d), respectively. As shown in Fig. 8(a), the R-peaks of the ECG can be
measured stably when the subject grasps the conductive electrodes on the two sides of the
steering wheel. In Fig. 8(b), the ECG waveform is masked by the baseline fluctuation, and the
R-peaks are difficult to detect. The baseline fluctuation is mainly caused by electrostatic
induction noise due to increased coupling impedance between the body and the capacitive
electrode. Meanwhile, the conductive fabric slightly suppresses the baseline fluctuation, as
shown in Fig. 8(c). This is because the flexible fabric electrode conforms to the shape of the
driver’s buttocks, thereby reducing the coupling impedance. However, the stable detection of the
R-peak requires advanced signal processing after measurement. Figure 8(d) shows that the
triple-layer electrode successfully reduces the baseline fluctuation and measures the R-peaks
stably. The suppression of the baseline fluctuation can be attributed to the driven-shield structure
surrounding the sensing electrode. The driven-shield and sensing electrodes maintain the same
voltage potential when connected using a voltage follower. Thus, the driven-shield electrode
absorbs part of the signal that would have flowed into the sensing electrode. Thus, the driven-
shield electrode acts as a guard against the electrostatic induction noise caused by buttock
friction and other ambient noise. These results show that the R-peak can be detected without
signal processing, such as by interpolation and resampling,>°>? after measurement using a
capacitive-coupling electrode with a triple-layer structure.

4. Conclusions

In this study, we investigated a conductive/capacitive hybrid ECG measurement system for
monitoring the drowsiness of a driver during car driving. Among the examined electrodes, the
triple-layer electrode markedly reduced the baseline fluctuation in the ECG waveform to a level
low enough to detect RRI without any signal processing. The result shows the feasibility of
stable RRI detection during driving using the proposed conductive/capacitive hybrid ECG
measurement system. To further improve this system, we will investigate the influence of body
movements in the future for practical applications.
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