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Chapter 1

1

Introduction

1.1 Motivation of the study
Formerly, automobile manufacturers and research institutions had been often
apt to focus on attempting to improve the mechanical performance of a car in order to
enhance driving safety. However, sensing emotional and affective factors, and better
understanding of a driver’s intention and state are becoming decisive for safety
enhancement in recent years. It is obvious that driver characteristics and
performances are affected by emotions and other mental states such as fatigue or
drowsiness, and are playing an important role for driving. Eyben et al. noted that
dominated research of an assistive driver interface and intuitive driver-car
communication are expected in the near future [1]. The study is implemented with
facing toward this trend.
Deterioration of driver’s emotion or mental state causes aggravation of perception,
decision-making, focus and attention, motivation and performance, inattention and so
on. One of the most dangerous driver states is drowsiness, which deteriorates all the
important abilities for driving. There are strong relations between traffic accidents
and drowsiness (see Section 2.1). Many of the drivers experienced drowsy driving in
the past and this needs to be prevented. According to these backgrounds, many of the
automobile-related companies and institution have been working on developing to
monitor drowsy drivers (see Section 2.3). Countermeasures of the drowsy-driving from
the mechanical aspect are, for example, antilock brakes, forward collision warning,
adaptive cruise control, or lane keeping systems. These systems work efficiently when
the distracted driver is near to accidents. To improve the safety, it is desirable to
prevent the driver before he or she became in serious situations. The majority of the
research uses auditory signals and displays in vehicles primarily designed to “warn”
drivers about their own mental or physical state when drowsiness is observed.
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However, the mental state of “drowsiness” is when all the important abilities for
driving gets deterioration, and this approach do not ensure a drowsy driver to utilize
these warnings in the desired manner. There is the fact that even when they were
warned of their states, they often force themselves not to take a rest but to go on
driving [2]. Therefore, this field of research needs to be focused on to reduce the
drowsiness physiologically and keep their state as an appropriate level.

1.2 The goal of the study
The main goal of the study is to develop alerting stimuli that reduce driver’s
drowsiness physiologically by focusing on enriching the oxygenation of the brain. The
study starts from the feasibility investigation of the alerting stimuli using
cardiorespiratory phase synchronization (CRPS), which enhances the oxygen intake of
the body by synchronizing the timing of respiration and heartbeats. Then the alerting
stimuli are evaluated in the drowsy driving scenes by a driving simulator. Since
heartbeat collection is essential to utilize the stimuli for the drowsiness prevention
system, the study also aims to develop a bio-signal sensor. It needs to be non-invasive
metric that continuously monitors heartbeats through clothing while driving. Less
affectionss of motion artifacts, engine and road vibrations are desired. The signal
quality needs to be as precised as possible. It also requires backup metrics that
compensate signal loss of the sensor.
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Fi gu re 1 . Outline of t he dro wsy dri ving pre vent io n system ba sed o n
C ard io-R e spira to ry P ha se S yn ch ro n izat io n (C R P S).

Figure 1 illustrates the outline of the system developed in the study. Driver’s

electrocardiogram (ECG) is collected continuously by the capacitive ECG sensor. The
collected heartbeats are used as a rhythm of the alerting stimuli, which aim to
improve pulmonary gas exchange efficiency to enhance oxygenation of the brain. It is
realized by inducing CRPS with heartbeat-synchronized vibration. The alerting
stimuli are given to a drowsy driver when a trigger is pulled by a driver him/herself.
The study attempts to realize the illustrated system and contributes to safe driving.
Novel features of the system are: 1) Alerting feedback reduces driver’s
drowsiness physiologically by focusing on enriching the oxygen in the body effectively
and constantly by using CRPS. 2) The idea of using CRPS for reducing drowsiness is
unique, which never attempted in the literature. 3) Since the feedback indicator uses
the driver’s own heartbeats, it realizes to have a great affinity to the stimuli. 4) The
stimuli are created by ECG collected from the capacitive electrodes, which enables to
monitor ECG through clothing just sitting on a seat, and backup metrics, wearable
pulse oximeters, are proposed in order to compensate the signal losses to ensure high
data collection. The developed system is prospective to contribute to reduce drowsyrelated accident and enhances safe driving.
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1.3 The structure of the thesis
Details of the studies are described step by step in following chapters. Chapter 2
reviews literature of the study. Chapter 3 explains methods for drowsiness monitoring,
which used for experiments conducted in order to design an alerting stimuli and
drowsiness detection for triggering the stimuli. Chapter 4 summarizes feasibility
studies of a novel alerting stimuli and evaluation of its efficiency in a driving condition.
Chapter 5 reviews implementation of a capacitive cardiorespiratory sensor and pulse
oximeters. Chapter 6 discusses all the developed constituents and configuration of the
system. Conclusion of the study is stated in the chapter 7.
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Chapter 2

2

Literature review of the study

2.1 Statistics of drowsy driving
Driver drowsiness is one of the main causes of road accidents. The following
statistics show how drowsiness contributes to car accidents and how frequent does
drowsiness affects to drivers. The US National Highway Traffic Safety Administration
(NHTSA) estimated that a total of 100,000 vehicle crashes each year are the direct
result of drowsy driving. These crashes resulted in approximately 71,000 injuries,
1,550 deaths, and $12.5 billion in monetary losses [3]. The report by the US National
Sleep Foundation (NSF) in the year 2009, 54% of drivers have driven a vehicle while
feeling drowsy and 28% of them actually fell asleep [4]. According to the survey by the
Traffic Injury Research Foundation (TIRF) in 2004, one in five Canadian drivers (an
estimated 4.1 million) said they have nodded off or fallen asleep at least once while
driving in the past 12 months [5]. Lucidi et al. reported that a total of 12.3% of the
drivers were classified as having at least one of the seven risk factors: 1) poor sleep, 2)
changes in habitual sleeping patterns, 3) prolonged wakefulness, 4) self-reported acute
sleepiness, 5) daytime sleepiness, 6) night-shift jobs, and 7) insomnia [6]. According to
the report by Garbarino et al., the rate of drowsy-related accidents is 3.2% among
50,859 traffic accidents occurred on highways from 1993 to 1997. However, they
calculated the quota of drowsy influenced accidents out of those not officially ascribed
to drowsiness as 18.7% reaching an estimate of accidents related in some way to
drowsiness equal to 21.9% [7]. This estimated quota is correspond to the report by
Connor et al. that claimed as approximately 15–20% of the fatal accidents can be
ascribed to drowsiness and fatigue [8]. The situations of long-haul truck drivers are
even worse. McCartt et al. reported that 47.1% of the survey respondents had ever
fallen asleep at the wheel of a truck, and 25.4% had fallen asleep at the wheel in the
past [9]. According to the report by Häkkänen et al., about 40% of the long-haul
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drivers and 21% of the short-haul drivers reported having problems in staying alert on
at least 20% of their drives. In addition, over 20% of the long-haul drivers also
reported having dozed off at least twice while driving, and near misses due to dozing
off had occurred in 17% of these drivers [10]. These statistics show that driver
drowsiness is one of the major factors of traffic accidents. According to these
backgrounds, antidotes against drowsy driving have been gaining greater attention
during the last couple decades [11].

2.2 Definition and characteristics of drowsiness
The term "drowsy" is synonymous with "sleepy", which means a tendency to fall
asleep. The level of sleep can be classified as awake, non-rapid eye movement sleep
(NonREM), and rapid eye movement sleep (REM). The NonREM can be separated into
following three phases: phase 1, drowsy (transition from awake to light sleep); phase 2,
light sleep; phase 3, deep sleep [12]. The phase 1 is the stage, which needs to be
focused in order to analyze drowsy driving. The drowsy-related accidents have a
number of following characteristics:
i)

Most commonly occurs late at night (0:00 am – 7:00 am) and during the afternoon
(2:00 pm – 4:00 pm), which might correspondent to circadian rhythms [5][7][13].

ii)

Tends to occur in monotonous environment such as on highways or suburbs
[14][15].

iii)

Likely to occur while driving alone on a high-speed roadways, and cause lane
departure or road off [16].

iv)

Young drivers (16 – 25 years old) and male drivers have dozed off while driving
more likely than older drivers and female drivers [5][2].

v)

Drowsy driving is not limited to long-distance trip. 58.8% of the drivers who
nodded off had been driving for an hour or less, whereas 20.6% reported having
been driving for 3 hours or more [2][17].

vi)

Drowsy-related accidents are likely to be serious due to high-speed and delayed
reaction time [18][19].
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In relation to these characteristics, most drivers caused drowsy-related accident
deny having fallen asleep. There are two possible reasons for this: 1) fear of severe
legal consequences (such as prosecution or loss of insurance indemnity) [20]; 2) truly
had no remembrance of fallen asleep. The second reason can be explained by the
report that people had to have been asleep for 2-4 minutes before, only 50 % of them
acknowledged that they were asleep [21]. It suggests that a driver who had only been
asleep for a few seconds tends to have blurred and uncertain perception of state. In
spite of the fact, drowsy driver apt to take further risks and continue to drive.
According to the survey from the drivers who reported having fallen asleep while
driving in the past 12 months, only 27.7 % reported that they realized before that they
might have difficulty staying awake, and 71.0% reported having felt awake enough to
drive [2]. Hence, it is necessary to design effective system that monitors drowsy driver
and avoid the accidents.

2.3 Drowsiness monitoring metrics
Drowsiness monitoring is one of the hottest topics in the field of drowsy-driving
prevention. Automobile manufacturers and institutions have been competing to
develop highly précised drowsiness monitoring metrics for several decades. The
following four measures have been used widely for monitoring drowsiness: contextual
features based measures, vehicle-based measures, behavioral measures, and
physiological measures.

2.3.1

Contextual features based measures

The contextual features generally include: 1) the drivers condition such as the
circadian rhythm, sleep quality, physical condition, 2) the work conditions such as
driving hours, road noise, temperatures of the compartment, and 3) the driving
environment such as road monotony, traffic density, and number of lanes [22][23].
These contextual features 1), 2), and 3) are obtained usually by questionnaires, and
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are used for driver drowsiness estimation by some statistical methods such as neural
network or fuzzy set theory [24][25]. The demerit of this measure is that the driver’s
drowsiness derived from the contextual features contains much subjectivity that
cannot always reflect the real objectivity. Moreover, Schmidt et al. demonstrated that
drivers have difficulty judging their condition, particularly after about 3 hours of
continuous monotonous daytime driving with increasing drowsiness [15].

2.3.2

Vehicle-based measures

The vehicle-based measures generally monitor deviations from lane position,
movement of the steering wheel, reaction time, speed, pressure on the acceleration
pedal, etc. These features are constantly monitored and the drowsiness is detected in
any change in these that crosses a specified threshold indicates a significantly
increased probability that the driver is drowsy [26][27]. Although this measure
performs good indication of driver’s drowsiness with non-intrusive implementation,
there is no consensus exist regarding which feature would be the most suitable for
drowsiness detection. Here are some examples that illustrate this fact: Friedrichs and
Yang reported that the average steering angular velocity was the most responsive
from the comparison of 31 features of driving performance [28], whereas Sandberg et
al. reported that variability of lateral velocity was the most responsive among 18
features [29]. Berglund [30] and Mattsson [31] reported that a linear combination of
vehicle path deviations, steering wheel direction reversals, and standard deviation of
lateral position was the most responsive to drowsiness among 17 features of driving
performance. According to this aspect, Forsman et al. investigated eighty-seven
different driver drowsiness detection metrics proposed in the literature [32]. They
found that steering wheel variability provides a basis for developing a cost-effective
and easy-installment alternative metric for in-vehicle driver drowsiness detection at
moderate levels of drowsiness.
Even though the vehicle-based measures are one of the prospective measures to
detect drowsy driving, further research is necessary to examine more complex
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functions that compensate individual differences between drivers such as driver
experiences, driving conditions, and the different environmental situations [33]. It also
requires the setting of multiple criteria, and the use of multiple measures in different
types of vehicles for a successful countermeasure of drowsiness prediction.

2.3.3

Behavioral measures

The behavioral measures monitor driver’s yawning, eye closure, eye blinking,
head movements, etc., through a camera installed in a car [34][35][36][37]. The driver
is alerted when any of these drowsiness features are detected. The behavioral
approach is widely accepted in scientific literature for drowsiness detection. It shows a
good indication of the transition between wakefulness and sleep, as well as between
the different drowsiness stages. In addition, it is contact-free recording by means of
photo, video, or reflecting techniques [38][39][40]. Sirevaag and Stern demonstrated
that spontaneous blinks may give valuable information about central nervous
activation processes and drowsiness [41]. Among the behavioral features, percentage
of eye closure (PERCLOS) is considered by some in the transportation safety field to
be the most effective drowsiness measures [42]. PERCLOS was introduced by
Wierwille et al. in 1994 [43], and the performance of PERCLOS is said to be better
than eye blink measure, head movement, and even better than EEG [11]. However,
utilizing PERCLOS in real-world in-vehicle applications is disadvantageous to three
following conditions; sunlight interference with IR illumination, bright spots near the
eyes caused by reflections from eyeglasses, and disturbance of the IR light and
appearance of bright-pupil phenomenon by sunglasses. These disadvantages are often
unavoidable and difficult to cope with. In addition, video-based eye tracking metrics
also suffer from deterioration of the performance due to face orientation, illumination
mismatches in the environment, and the distance of the subject from the camera [44].
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2.3.4

Physiological measures

The physiological measures include electroencephalogram (EEG) [45][46],
electrooculogram (EOG), electromyogram (EMG) [47], ECG [48], respiration,
plethysmogram	
  (PTG), skin temperature, or oxygen saturation in the blood [49]. The
advantage of this measure is that it usually has little control over these physiological
features; therefore, it provides reliable source of information on a driver’s drowsiness.
EEG is one of the most reliable signals for drowsiness detection. In the time
domain features, the average value, standard deviation, and sum of the squares of
EEG amplitude area the most commonly used. In the frequency domain, mean
frequency, energy content of each band, δ(0.5-4Hz), θ(4-8Hz), α(8-13Hz), β(1330Hz), and center gravity of the EEG spectrum are features commonly used. The most
reliable features for drowsiness monitoring are theδ, θ, α, and β[50]. However,
EEG systems tend to be complex and invasive due to the vast number of signals to
acquire and process. In addition, the monitoring of EEG requires voluminous and
unpractical devices that cannot be easily installed into a vehicle. Besides of this, ECG
and respiration can be measured non-invasively with high correlation with drowsiness.
Heart rate variability (HRV) can be obtained from ECG and it provides direct
information of the driver’s physiological state, especially useful to collect detailed
information of the drowsiness while driving. In the literature, the ratio of powers
between the low and high frequency band (LF/HF) decreases during the transition
from awake to sleep, while the power of high frequency band (HF) increases associated
with this transition [51][52][53]. HF reflecting vagal activity and LF/HF is considered
to be a measure of sympathetic and vagal balance [54][55][56]. Jurysta et al. reported
that EEG spectral bands are closely linked to cardiac autonomic activity, especially
the delta power band in EEG and HF [57]. These HRV parameters have already been
used to some studies and obtained prospective results for drowsiness detection
[57][58][59][60].
Another advantage of the measure is that the sensors can be also utilized for
daily health monitoring application, which the other measure cannot be done. The

19

importance of in-vehicle health monitoring is gaining great attention recent years.
Since the conventional hospital-centered healthcare system is shifting to an
individual-centered healthcare system that aims to detect early diagnosis, early
finding of risk factors, and early treatment [61][62][63], a car, which is normally used
everyday is valuable item in the point of dailiness.

2.4 The recent driving assistant and alerting methods
As the Figure 2 shows, crash probability increases according to drowsiness level.
Many of the conventional countermeasures are focusing on the “Pre-crash phase” in
the Figure 2 (a). The countermeasures for the “Pre-crash phase” and “Crash phase”
are categorized as active and passive safety, respectively. The idea of the safety is to
avoid collision and protect occupants when the crash is unavoidable. The examples of
the safety systems are pedestrian airbag, emergency braking, brake assistance, or
lane departure warning. Although these systems are already released on the market
and contributing the safe driving, the better countermeasure for drowsy driving is to
reduce drowsiness before a driver get into the pre-crash phase as indicated with the
dashed line in the Figure 2 (a). The safest countermeasure is to stop driving when
severe drowsiness is detected. Then take a 30-minute break with a short nap (< 15minute) or caffeine (about 150mg) intake. Many researches focuses on warn drowsy
drivers about their dangerous states and suggest them to take these countermeasures
by using auditory [64][65], visual [65][66], and tactile [67][68] stimuli. However, it is
not always accessible to take a rest while driving and not all the drivers take the
warnings in the desired manner. There is the fact that even when were warned of
their states, they often force themselves not to take a rest but to go on driving [2].
Therefore, it is necessary to have a method that physiologically reduces drowsiness
and acts upon his or her physiological condition before the driver reaches to a
situation to take a rest or in case of the situation that the driver takes further risks
and continues to drive. This is the point the study focuses. The key to overcoming
drowsiness is to provide the body with a constant supply of oxygen. It is generally
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Fi gu re 2 . D rowsiness level and c ounter measures.
(a) Drowsiness level. (b) Countermeasures for pre-crash and crash phases.

known that oxygen de-saturation deteriorates brain activity and brings about a loss of
attentiveness and concentration. Sung et al. reported that drowsiness got severed
while oxygen rate is lowered and is weakened while high-rate of oxygen is supplied
[69]. Yamakoshi et al. also found a usefulness of the oxygen for enhancing the
alertness of a driver [70]. There are some studies that highly concentrated oxygen with
fragrance also showed the reduction of drowsiness of a driver [71][72]. According to
this correspondence of oxygen and drowsiness, oxygen de-saturation is also used as
detection of drowsiness while driving [73][74]. Some systems have been proposed to
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avoid drowsy driving by enriching oxygen in passenger compartment of a car [75][76].
These oxygen enrichments are practiced by opening windows or delivering high
concentrated oxygen from air conditioner vents. However, they require oxygen stock
container or generator, and vent systems and are difficult to control the density of the
oxygen and have fewer expectations of quick effect for reducing drowsiness. It is
desirable to have a method that enables to absorb the oxygen into the body more direct
and constant with comfort.
According to the backgrounds mentioned above, preventing drowsiness loads a
great importance for safety driving. The drowsiness prevention system is decisive to
have precised and accurate drowsiness monitoring metrics. Although there are still
many problems to overcome, previous researches have developed the systems, which
are already practical uses. However, keeping alertness of a drowsy driver has not
discussed well enough. Development of a method that physiologically reduces
drowsiness is still almost untouched, and this area needs to be investigated to ensure
further safeness. This is the reason why the system (Figure 1) is developed in the
study.
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Chapter 3

3

Driving simulator and drowsiness references

3.1 Strategy of the drowsiness investigation
Since the study aims to develop a system that prevents drowsiness, two things
are essential for the investigation: 1) induce drowsiness and 2) define a reference of
drowsiness. The first thing can be done while driving, but it is not free from danger
and moralistic to make a drowsy driver on real driving scenes. Accordingly, a driving
simulator was used to carry out experiments. Details of the driving simulator is
described in Section 3.2. The second thing is important, but hard to settle. Since there
is no gold standard for drowsiness quantification, it needs to be monitored from
multiple angles. In Section 3.3, five different drowsiness parameters are listed. These
parameters are utilized as reference of drowsiness in the experiments.

3.2 Driving simulator
The advantages of using simulators are not only safe and ethical, but also
controllable of driving environment, efficiency, low-cost, and easy data collection
[77][78]. One considerable limitation of using driving simulator is that simulated
environment of driving might cause a driver to have a different behavior than that on
real road [79]. However, several literatures have verified that driving simulator can
make relatively similar driving environment to real road experiments [80][81][82].
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Fi gu re 3 . La you t of the driv ing sim ulator, e quipm e nt , and observers in
the experim ents.

Fi gu re 4 . T racking task an d t he bu tt o n s fo r V A S m ea sur e
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One of the difficulties in investigating drowsiness is how to induce adequate level
of drowsiness during the experiments. Drowsiness strengthens according to monotony
of driving environments [15]; therefore, highway tunnel was selected as a driving
condition as to have the less influence of surrounding landscape changes to make it
monotoneous. Since many of the drivers who nodded off had been driving for an hour
or less [2], the duration of the driving task was set for an hour. The experiments were
done with the layout shown in Figure 3. The Monitor 1 (TH-50PHD6, Panasonic, screen
diagonal length: 1,269mm) was used for the course projection. Subjects were
positioned on the driving simulator with the head two meters away from the monitor 1.
Two observers positioned behind the partitions and monitored subject’s behaviors by a
video camera mounted beside the monitor 1. Subjects were required to steer the wheel
so as to keep the white lines on the edges of the shadow, which was projected on the
screen to simulate driving (Figure 4 ). The shadow repeatedly moved right to left at a
frequency of 0.1 Hz. White noise sound was given to subjects during the driving task
through speakers of the monitor 1, to conceal small noises in a room, and also to make
the environment monotonous.

3.3 Definition of the reference drowsiness
3.3.1

Subjective Report Measure: VAS

VAS is one of an effective method to assess the momentary degree of drowsiness.
Subject indicated responses along a linear 100mm line between labels of 'very drowsy'
and 'very alert'. This scale is useful in tracking symptoms during a given time epoch,
however it requires an interruption of a task for assessing, which might awake drivers.
Therefore, buttons on a steering wheel (Figure 4 ) were used for drowsiness indication.
The subjects responded drowsiness on the line shown at the bottom of the screen by
the buttons on the steering wheel every time when they felt drowsiness changes. The
left end of the line showed 'very alert' and the other end showed 'very drowsy'.
Drowsiness was graded according to 100 levels, which corresponds to 100mm, and was
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recorded into the data logger through the receiver every second. Drowsiness is defined
as follows:
𝑺𝒕𝒓𝒐𝒏𝒈𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑽 𝒌 + 𝟏 ≥ 𝟓𝟎   & 𝑽 𝒌 + 𝟏 − 𝑽(𝒌) ≥ 𝟏𝟎
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                                                              

Eq. 1
𝑾𝒆𝒂𝒌𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑽 𝒌 ≥ 𝟓𝟎   & 𝑽 𝒌 − 𝑽(𝒌 + 𝟏) ≥ 𝟏𝟎
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                                            

Eq. 2
where V(t) is the time series of VAS averaged every 5-minute. The stronger drowsiness
is defined as when V(k+1) gets larger than 50, which the driver felt moderate level of
drowsiness, and the increment shows larger than 10. The weaker drowsiness is
defined when V(k) is larger than 50, and it’s decrement is larger than 10.

3.3.2

Behavioral Measure: NEDO-scale

Scaling of self-drowsiness evaluations differ by individuals. Therefore, external
evaluation of drowsiness is needed as a complement. Facial expression is one of the
reliable indications of drowsiness. It is known that humans have an ability to
interrelate facial expressions and emotions, and it has a similarity in scaling of
emotional facial expressions [83]. Furthermore, dimension of alertness corresponds to
movements of facial parts such as eye, eyebrow, or mouth [84]. NEDO scale is one of
the useful scales for assessing facial expression of drowsiness. This scale was
developed by the New Energy and industrial technology Development Organization
(NEDO) [85]. H. Kitajima et al. reported that NEDO scale is reliable for drowsiness
observation from the point that it has high correspondence of grading between two
observers (0.765) and has high correlation coefficient of NEDO scale and Roken
Mental Work Strain Checklist (MWS) (0.795) [86]. This scale has been already used in
the number of studies related to drowsy driving [87][88][89][90]. In this study, NEDO
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scale was evaluated every minute by two observers. They monitored behaviors of
subjects such as limb, gaze or head movements captured by a video camera mounted
beside the monitor 1. The observers were positioned behind the partitions (height: 2
meters) as shown in the Figure 3. The drowsiness was graded according to following 5
levels.

•

Level 1: “not drowsy at all”. Characteristics are fast saccade, stable frequency of
blinks, and active body movements.

•

Level 2: “slightly drowsy”. Characteristics are open mouth and slow saccade.

•

Level 3: “drowsy”. Characteristics are frequent occurrence of slow blinks, mouth
movements, reseating or changing sitting posture, and touching face.

•

Level 4: “fairly drowsy”. Characteristics are intentional blinks, slow saccade, body
movements such as shaking one’s head or up-and-down motion of the shoulders,
frequent yawns, and deep breathing.

•

Level 5: “very drowsy”. Characteristics are closing eyes, nodding head, and
backward inclined head.

Drowsiness was defined as follows:
𝑺𝒕𝒓𝒐𝒏𝒈𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑵 𝒌 + 𝟏 ≥ 𝟐   & 𝑵 𝒌 + 𝟏 − 𝑵(𝒌) ≥ 𝟏
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                                                      

Eq. 3
𝑾𝒆𝒂𝒌𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑵 𝒌 ≥ 𝟐 & 𝑵 𝒌 − 𝑵(𝒌 + 𝟏) ≥ 𝟏
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                                    

Eq. 4
where N(t) is the time series of NEDO scale averaged every 5-minute. NEDO scale is
evaluated in five levels and the least level 1 indicates “not drowsy at all” and the largest
level 5 indicates “very drowsy”. The stronger drowsiness is defined as when N(k+1)
marks above 2 and the increment showed larger than 1. The weaker drowsiness is
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Figure 5. Definition of the blink interval in EOG.

defined as when the decrement is observed larger than 1 while N(k) is larger than 2.
The thresholds are defined as level 2 because it is the phase when the driver changes
his or her facial expression “slightly drowsy” from “not drowsy at all”.

3.3.3

Biological Measure: PERCLOS
PERCLOS is one of the most robust, reliable and valid measures for assessing

drowsiness level. It is the percentage of eye closure over time, which has been
proposed as a driver drowsiness metric [43]. PERCLOS was calculated from EOG
measured from subjects. Percentages of eye closing duration, which correspond to
blink interval in Figure 5, were calculated every minute. Since the beginning and end
points of the blink complex in the EOG signal is difficult to determine, the interval
between the beginning and the end of the blink were defined as half of the amplitude
is reached. This way, affection by small errors in the location of the blink points can be
attenuated. The detailed information is referred to: [91][92][93].
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𝑺𝒕𝒓𝒐𝒏𝒈𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑷 𝒌 ≥ 𝟏𝟎   & 𝑷(𝒌) ≤ 𝑷(𝒌 + 𝟏)
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                          

Eq. 5
𝑾𝒆𝒂𝒌𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝑷 𝒌 ≥ 𝟏𝟎 & 𝑷 𝒌 ≥ 𝑷(𝒌 + 𝟏)
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                                        

Eq. 6
where P(t) is the time series of PERCLOS averaged every 5 minutes. The stronger
drowsiness is defined when P(k+1) is bigger than P(k) while P(k) is larger than 10%.
The weaker drowsiness is defined when P(k+1) marks smaller than P(k) while P(k)
marks larger than 10%. The threshold of 10% is referred to Richard G. et al who
defined “drowsy” and “severely drowsy” when PERCLOS marks 8% and 14%,
respectively [94]. The threshold is settled in between of these two.

3.3.4

Biological Measure: HF and LF/HF
HRV provides direct information of the driver physiological state, especially

useful to collect detailed information of the drowsiness while driving as it is mentioned
in the section 2.3.4. In the study, it was used as references of drowsiness. R-R interval
(RRI) time series were obtained from ECG and were re-sampled at 4Hz by cubic spline
interpolation after correcting missing and false detection of R-waves. The power
spectrums were estimated by autoregressive model (AR) with a window of 5-minute.
Frequency domain parameters were computed from the power spectrums: HF and
LF/HF. LF band is defined between 0.04 Hz to 0.14 Hz while HF band between 0.15Hz
to 0.4Hz.
𝑺𝒕𝒓𝒐𝒏𝒈𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝐻𝐹 𝒌 ≤ 𝐻𝐹(𝑘 + 1)  
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                    

Eq. 7
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𝒕𝒓𝒖𝒆, 𝒊𝒇 𝐻𝐹 𝒌 > 𝐻𝐹(𝑘 + 1)  
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                    

𝑾𝒆𝒂𝒌𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

Eq. 8

𝑺𝒕𝒓𝒐𝒏𝒈𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

𝒕𝒓𝒖𝒆, 𝒊𝒇 𝐿𝐹𝐻𝐹 𝒌 > 𝐿𝐹𝐻𝐹(𝑘 + 1)  
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                        

Eq. 9
𝒕𝒓𝒖𝒆, 𝒊𝒇 𝐿𝐹𝐻𝐹 𝒌 < 𝐿𝐹𝐻𝐹(𝑘 + 1)  
𝒇𝒂𝒍𝒔𝒆, 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆                                                                                        

𝑾𝒆𝒂𝒌𝒆𝒓  𝑫𝒓𝒐𝒘𝒔𝒊𝒏𝒆𝒔𝒔 =

Eq. 10

HF(t) and LFHF(t) are the time series of HF and LF/HF averaged every 5-minute,
respectively. The stronger drowsiness is defined when HF(t) increases and LFHF(t)
decreases, which associated with acceleration of vagal activity. The weaker drowsiness
is defined contrary to this.

3.3.5

Physical Measure: TE
Driving performance deteriorates according to the strength of drowsiness. Lack

of alertness leads to slow reaction of steering control. Root mean square error of track
tracing by steering wheel was used to quantify the performance of driving as follows.
TE =

1
n

n

∑( x(k) − y(k))

2

k=1

Eq. 11

where positions of target shadow and controlled white lines are denoted as x(k) and

y(k), respectively. Drowsiness is defined as:
Drowsiness

true, if TE(k 1) TE(k) 2
false,
otherwise

Eq. 12

where TE(t) is the time series of TE averaged every 5-minute. The drowsiness was
defined when TE(k+1) gets larger than twice as big as TE(k).
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Chapter 4

4

Development of the alerting stimuli

4.1 Procedures of the development
Minimizing oxygen desaturation during drowsiness is a key to prevent drowsy
driving. The CRPS, which improves pulmonary gas exchange efficiency, is focused on
the study in order to recover from oxygen de-saturation during drowsiness. CRPS is a
coupling of heartbeats and respiration, and is different from respiratory sinus
arrhythmia (RSA). It is known that with increasing age, RSA diminishes, whereas
CRPS has no such features [95], which may have physiological benefits. The CRPS
was first described in fish by Schoenlein in 1895 [96], in mammalian species by
Coleman in 1921 [97], and in humans by Galli in 1924 [96]. It is hypothesized that an
increased venous return due to a negative intra-thoracic pressure of inspiration
associated with CRPS optimizes pulmonary gas exchange efficiency [95], which helps
to oxygenate a drowsy driver. As Figure 6 indicates, positioning the diastolic phase of
the cardiac cycle at inspiration increases the venous return, and with the Starling
mechanism, transmission of blood volume to the pulmonary circulation increases when
abundant oxygen exists in the lungs. In contrast to inspiration, positioning the systole
of the cardiac cycle within the expiratory period may facilitate the transmission of
arterial blood, because vascular resistance decreases by the relaxation of respiratory
muscles. Following this hypothesis, CRPS may have an effect to cure drowsiness if it
can be intentionally induced.
As the feasibility study of developing the alerting feedback using the CRPS, three
steps were conducted as follows. At the first step, saturation of peripheral oxygen
(SpO2) at the forehead was observed when drowsiness appears and is overcome in
order to estimate the amount of SpO2 increment that serves to overcome drowsiness.
The second step was conducted to design a way to induce CRPS. Pace breathing (PB)
which uses a pulse sound indicator synchronized with the heartbeat was utilized for
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Fi gu re 6 Il lustration of the ca rdiorespir ator y function.
Positioning the diastolic phase of the cardiac cycle at inspiration increases the
transmission of blood volume to the pulmonary circulation, when abundant oxygen
exists in the lungs. Hence, an increased venous return due to a negative intrathoracic pressure of inspiration associated with CRPS optimizes pulmonary gas
exchange efficiency [95].

the inducement. This indicator was aimed to match the timings of the heartbeat and
timings of inspiration and expiration. At the last step, efficiency of the induced CRPS
was evaluated whether it brings sufficient increment of SpO2 by comparing the
amount estimated at the first step. Two experiments were conducted in order to
implement these three steps. The first step was examined in the experiment I.
Subjects were instructed to drive one-hour with a driving simulator to observe the
relationship between drowsiness and SpO2. The second step was examined in the
experiment II, and the third step was examined with the data obtained from both two
experiments. After these three steps of studies, the CRPS inducement was tested in in
the experiment III from following aspects in drowsy driving scenes using a driving
simulator.
i)

Is it possible to induce CRPS with vibratory stimuli besides instructing the
breath timing?
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Fi gu re 7 . B io-sig n al sen sors an d the e quipm e nt us ed in th e
experi me nt I and II .
SpO2, ECG, and respiration were recorded continuously at 1 kHz per channel via
a multi-channel telemeter system (WEB-7000, Nihon Kohden). Intermittent
sound for ECG R-R interval PB was generated by the PC every time a R-wave
was detected in ECG.

ii)
iii)

Does the non-instructed inducement using tactile stimuli lead to have SpO2
increment?
Does it reduce drowsiness effectively?

4.2 Feasibility study of the alerting stimuli
4.2.1

Method of the experiment I & II
The experiment I was done in cooperation with 16 subjects (7 males, 9 females,

mean ± SD = 20.9 ± 1.6 years old) who provided written informed consent. Subjects
who had sleep deprivation before the test were not participated in this experiment. All
of the subjects drove one-hour with a driving simulator shown in Figure 3. Subjects
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Fi gu re 8 . (a) S ch ed ul e o f t h e e xp eri me n t I I. (b ) Collection of ex pire d
ga se s u sin g D ou g las bag s.
Expired gases were sampled every 5 minutes and ventilation volumes were
measured by an oxygen uptake monitor.

were instructed not to sleep during the task. Each subject did the task three times on
different days.	
  In total of 48 task data were obtained in the experiment.
ECG, respiration, EOG and SpO2 were acquired continuously at 1 kHz per
channel via a multi-channel telemeter system (WEB7000, Nihon Kohden). ECG was
obtained by a bipolar lead, while respiration was achieved by a strain gauge bandaged
to the subject’s abdominal region. The electrodes for EOG were placed above and
below the left eye as shown in Figure 7 . SpO2 was measured by two frequencies of
light (red and infrared) from a pulse oximeter attached to the left side of the forehead.
Since the experiment I was aimed to observe how oxygen saturation changes at
the forehead when drowsiness appears and overcomes, a multiplex measure was used
for drowsiness detection in order to have reliable investigation. Following parameters
were used to define the point when drowsiness appears and overcomes, VAS, for
subjective report measure; NEDO scale, for physical measure; PERCLOS, heart-rate
variability (HRV) parameters: HF, and LF/HF, for biological measures.
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In the experiment II, 16 healthy males (mean ± SD = 22.6 ± 3.4 years old) were
recruited, and SpO2, estimated exhaled tidal volume (TV), and respiration rates (RR)
were compared during periods of induced CRPS against periods when CRPS was
absent, which correspond to the second and third steps mentioned above. The
experiment II was conducted with the subjects’ informed consent. All subjects were
tested in a sitting position in temperature (mean ± SD = 26.2 ± 4.2℃) and humidity
(mean ± SD = 60.3 ± 7.8 %) controlled laboratory. As shown in Figure 8 , intermittent
sounds were generated from earphones for 5-minute periods during the paced
breathing (PB) after 5-minute periods of spontaneous breathing (SB1). Another 5minute of spontaneous breathing (SB2) was established after the PB in order to see
the effects and responses of PB. The inspiration and expiration at a ratio of 2-to-2
beats was chosen for the PB, because this pacing (a period of around 4 seconds) is most
commonly seen under resting conditions. Since CRPS is thought to be the triggering of
inspiratory timing by arterial or intracranial presser receptor afferents [98], the
pacing of expiratory timing is unnecessary. However, subjects were instructed to pace
their breath to both inspiratory and expiratory timing to make it easier to adjust the
timings of breathing to fluctuated intervals of intermittent sounds. For the
comparisons of ECG R-R interval PB, the following four patterns of PB were selected
in the test; fixed (1000ms) and random (mean ± SD = 1000 ± 200ms) intervals of PB
with an inspiration and expiration at a ratio of 2-to-2 beats; ECG R-R intervals of PB
with an inspiration and expiration at ratios of 1-to-1 and 3-to-3 beats. The fixed and
random intervals of PB were used to clarify the fact that CRPS did not appear
accidentally. The other two patterns were chosen to eliminate the possibility that the
results of SpO2 may differ by an increase in TV and RR during periods of simulated
CRPS. The PB with a ratio of inspiration to expiration at a ratio of 1-to-1 beat
increases RR, and a ratio of 3-to-3 beats enlarges TV by a prolongation of breath
intervals. Those five patterns of PB were established in different orders for each
subject. Intermittent sounds were generated every time a R-wave was detected on
ECG, which measured from electrodes attached to the subjects (Figure 7 ).
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Fi gu re 9. C al cul at io n o f pha se di ffer en ce fro m re spira ti on an d E CG .
Phase difference is defined as θ An ,B i = (A n -B i )/T i .

Fi gu re 10 . E xa mpl es o f a (a) sy nc hr og ram a nd a (b) h ist o gra m.

ECG, respiration and SpO2 were obtained continuously at 1 kHz per channel via
a multi-channel telemeter system (WEB7000, Nihon Kohden) in the same way as in
the experiment I. The Douglas method was used for the measurement of TV. Subjects
attached a mask joined to two douglas bags (150l) with tubes on the face (Figure 8 ).
The bags were changed by using a junction lever at the start and end of a PB period.
Expired gases were sampled via douglas bags, and TV was estimated from total
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amount of respiration and exhaled gas, which was measured by an oxygen uptake
monitor (AR-1, ARCO SYSTEM).

4.2.2

Analysis of the experiment I & II

In the analysis of the experiment I, inflecting point of drowsiness, which gets
stronger and weaker were picked up by applying to the conditions defined in the
chapter 3, and examined a cohort of SpO2 during both conditions by a dependent t-test.
The values of SpO2 were subtracted from the average of the first 5 minutes in the task
in order to normalize the differences among subjects. Some subjects did not show
higher than drowsiness level 2 on NEDO scale during the whole task, whereas other
subjects scored higher than level 2 from the first 5 minutes of the task.	
  Therefore,
the data that did not exceed level 3 and data exceeded level 2 at the first minute of the
task were omitted. It was sorted 30 data out of all 48 data (three trials by each 16
subjects).
As the analysis of the experiment II, a synchrogram was used for the
quantification of CRPS. It is a visualization tool that helps to observe the phase
synchronization between two oscillators [99]. The time of heartbeats at phases of every
respiratory cycle were plotted to obtain a sychrogram. Stripes appear on a
synchrogram when CRPS is induced. The synchrogram was obtained by calculating a
phase difference between oscillator A and B at every cycle of oscillator B. For the
detection of CRPS, a respiration curve was defined as oscillator B and the subject’s
ECG as oscillator A. When there is a peak between Bi to Bi+1 in an oscillator B cycle
(Ti), the interval of Bi to An is An-Bi. In the condition of Bi<An<Bi+1, the phase
difference between these two rhythms (θAn,Bi) is defined as θAn,Bi = (An-Bi) / Ti (Figure
9 ). When the two rhythms are synchronized, specific phase differences appear on the

synchrogram as striped patterns (Figure 10 (a)). The histogram is used for
quantifying such synchronizations. It characterizes the level of phase differences that
consist in each bin by dividing a cycle into an n with equal amounts. For example,
when the two rhythms are synchronizing in a ratio of 4-to-1, 4 peaks will appear on

37

the histogram (Figure 10 (b)). Standard deviation was used to quantify the histogram
obtained from phase differences (Eq. 13).
!

𝜎=

𝐹𝑖 − 𝐹

!

/(𝑛 − 1)

!!!

Eq. 13
where Fi is the distribution frequency of each bin, and F is the average. When no
__

peaks have been observed on the histogram, σ becomes smaller. The range of θAn,Bi is
divided into the same interval of bins and σ was calculated for 50 continuous
heartbeats every minute. The increase in σ stands for the appearance of strong CRPS.
A concern was addressed that the increase of SpO2 by ECG R-R interval PB
might have been due to an increase of RR or TV. Therefore, SpO2 during ECG R-R
interval PB with a ratio of inspiration to expiration at a 1-to-1 beat, which increases
RR, and a ratio of 3-to-3 beats, which enlarges TV, were compared. RR and TV were
sampled in every 5-minute. The changes of the parameters at the transition of SB1 to
PB were investigated by independent t-test. A p-value less than 0.03 were considered
statistically significant.
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Fi gu re 11 . S pO2 ch an ge s wh e n dro wsin e ss ge t s (a) st ro n ge r an d (b )
wea ker.
SpO2 values were subtracted from the average of first 5-minune to normalize the
differences among subjects. A paired t-test. Asterisks stand for p-values: ∗∗∗ p <
0.001, ∗∗ p < 0.01, ∗ p < 0.05, • p < 0.1.

To verify whether the increasing extent of SpO2 brought about by CRPS is larger
than that of yawns or deep breath, respiration was calculated as follows. The time
series of respiration interval was obtained by detecting the turning point of expiration
to inspiration. From the respiration interval time series, the root mean square of
successive difference (rMSSD) was calculated every 5-minute. The appearance of
frequent yawns and deep breath was defined as rMSSD(t) / rMSSD(t-1) >= 2.

rMSSD(t-1) and rMSSD(t) stands for continuous rMSSD at time t. Average of SpO2(t)
was calculated where this condition was met, and the increasing extent of SpO2 was
defined by subtracting SpO2(t-1) from SpO2(t). The increasing extent of SpO2 during
the ECG R-R interval PB was obtained by subtracting the average of SpO2 during SB1
from the average of SpO2 during PB. Significant differences between the cohorts of
SpO2 extent are examined by an independent t-test.
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4.2.3

Results of the experiment I & II

Figure 11 shows the results of SpO2 changes during the condition in which when

the drowsiness becomes stronger (Figure 11 (a)) and weaker (Figure 11 (b)). SpO2
were subtracted from the average of the first 5 minutes in the task (SpO2(1)) in order
to normalize the differences in extent among subjects. As Figure 11 shows, SpO2
significantly decreased during the condition of stronger drowsiness and significantly
increased during the condition of weaker drowsiness at every parameter. This result
indicates that the drowsiness level has an inverse correlation with SpO2. As the
drowsiness becomes stronger, SpO2 decreases. Conversely, SpO2 was observed to
increase when drowsiness reduced.
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Fi gu re 12. R e pre se nt at iv e syn ch ro gr ams of PB w it h in spir at io n an d
expi rat ion ra ti os of 2-to-2 be at s in a su bj ec t.
(a) Fixed interval PB (b) Random interval PB (c) ECG R-R interval PB. A subject
paced breathing in 5-to-10 minute periods.

Fi gu re 13 . S tr eng th of CRPS , σ , in 3 ty pes of PB with i nsp iration a nd
expi rat ion at a ratio o f 2-to-2 be at s.
(a) Fixed interval PB (b) Random interval PB (c) ECG R-R interval PB. Horizontal
axis indicates type of breathing in test; SB1, spontaneous breathing 1 (0-to-5
minutes); PB, paced breathing (5-to-10 minutes); SB2, spontaneous breathing 2
(10-to-15 minutes). A paired t-test. Asterisks stand for p-values: *** p < 0.001.
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Table 1
S u mm ary o f SpO 2 va riab le s du ri ng p eri od s o f
spon ta n eou s b reath in g an d 3 typ es of pa ced b reathi n g
wi th inspira ti on and ex pira ti on at a ra ti o of 2 -to-2 be at s
Spontaneous Breathing

Paced Breathing (ratio 2 : 2)

Fixed interval

96.5 ± 1.4

96.8 ± 1.6

Random interval

93.8 ± 9.5

96.7 ± 2.2

ECG R-R interval

96.1 ± 2.0

97.2 ± 1.8 ***

SpO2 [%]

Values are average ± SD; n = 16. A paired t-test. Asterisks stand for p-values: *** p < 0.001
versus spontaneous breathing.

Table 2

RR [b/min]

TV [ml]

SpO2 [%]

S u mm ary o f SpO 2 an d R R va ria ble s d ur in g pe rio ds of
spon ta n eou s b reath in g an d R-R i n te rv al pace d bre at h in g
wi th 3 ty pes of inspira ti on and ex pira ti on ratio
Ratio of inspiration
and expiration

Spontaneous Breathing

Paced Breathing
(ratio 2 : 2)

1:1

96.6 ± 1.7

97.4 ± 1.2

2:2

96.1 ± 2.0

97.2 ± 1.8 ***

3:3

95.8 ± 3.7

97.4 ± 1.4

1:1

535.5 ± 214.6

446.6 ± 264.1

2:2

587.5 ± 193.9

623.2 ± 157.0

3:3

521.3 ± 194.6

708.1 ± 321.7 **

1:1

15.7 ± 4.6

31.6 ± 1.2 ***

2:2

15.0 ± 4.0

18.0 ± 2.8

3:3

15.6 ± 4.1

14.3 ± 3.4

・

・

Values are average ± SD; n = 16. A paired t-test. Asterisks stand for p-values: *** p < 0.001,
**p < 0.01, *p < 0.05, ・p < 0.1 versus spontaneous breathing. PB with inspiration and
expiration ratio is shown as “inspiration : expiration.”
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CRPS is observed in all subjects during ECG R-R interval PB. A representative
example of synchrograms obtained from a subject is shown in Figure 12 . Stripes in
periods of 5-to-10 minutes are CRPS that appeared due to PB. Apparent stripes can be
seen only in the periods of ECG R-R interval PB (Figure 12 (c)), not in fixed and
random interval PB. To quantify this CRPS, σ was calculated, which is the standard
deviation of histograms in each synchrogram. Figure 13 (c) shows box plots of σ in the
periods of SB1, PB, and SB2. There are no significant differences between fixed and
random interval PB besides ECG R-R interval PB. The significant differences (p <
0.001) of σ are seen between periods of ECG R-R interval PB with periods of SB1 and
SB2. This result suggests that the appearance of CRPS by ECG R-R interval PB did
not happen accidentally.
Table 1 shows the averages of SpO2 during periods of SB1 and 3 types of PB.
Only the ECG R-R interval PB evidenced a significant increase in SpO2. The result
indicates that CRPS induced by ECG R-R interval PB improved the gas exchange
efficiency and increased the extent of SpO2.
The increase of SpO2 by ECG R-R interval PB might have been due to an
increase of RR or TV. Therefore, this concern was dissolved by comparing SpO2 during
ECG R-R interval PB with a ratio of inspiration to expiration at a 1-to-1 beat, which
increases RR, and a ratio of 3-to-3 beats, which enlarges TV. Table 2 tabulates the
results of SpO2, TV, and RR during 3 types of ECG R-R interval PB. As it is expected,
RR significantly increased during the PB at a ratio of 1-to-1 beat, and TV significantly
increased during the PB at a ratio of 3-to-3 beats. There were no significant increases
of RR or TV in the PB at a ratio of 2-to-2 beats. While a significant increase of SpO2
was seen only on the PB at a ratio of 2-to-2 beats. This result shows that the
significant increase of SpO2 during the PB at a ratio of 2-to-2 beats is not brought
about by the increase of RR nor TV.
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Fi gu re 14 . Com pari sons of S pO2 changes: b etw een the ECG R -R
inter val PB a t a ratio o f 2 -to-2 b e ats an d t h e c on di tio n o f w ea ker
drow siness defined in 5 p aram eters, and betw een the E CG R -R
inter val PB at ra ti o o f 2-to-2 b e at s an d t h e co nd iti on w h en l on g
bre a th (yaw n s a nd de e p bre at h ) a ppe ar du rin g t he ex pe rim en t II .
A paired t-test. Asterisks stand for p-values: *** p < 0.001, **p < 0.01, *p < 0.03.

Figure 14 shows the comparison of SpO2 changes between the ECG R-R interval

PB at a ratio of 2-to-2 beats and the condition of weaker drowsiness, which was
obtained from the experiment II. The significant differences were observed among the
PB condition versus the weaker drowsiness conditions in each parameter. During the
PB, SpO2 increased significantly larger than the others. This result indicates that the
PB is large enough to overcome drowsiness. On top of that, increment of SpO2 during
the PB showed significantly larger than the period when yawns and deep breaths
spontaneously appeared during the experiment I. It means that inducing CRPS by PB
can recover oxygen saturation more effectively than spontaneous yawns or deep
breaths.
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4.2.4

Discussion of the experiment I & II

The first step observed how SpO2 changes at the forehead when drowsiness gets
stronger and weaker in the experiment I. It is verified that SpO2 decreases when the
drowsiness increases. Conversely, SpO2 recovers when drowsiness gets weakened. The
result is reasonable because it is generally known that a constant supply of oxygen to
the brain is necessary to sustain brain activities, and once the supply is reduced, lack
of attentiveness and concentration take over. The experiment II, which corresponds to
the second step, verified that it is possible to induce CRPS by PB, and SpO2 increases
by appearance of this CRPS. At the third step, it is verified that the increase of SpO2
was not resulted from neither an increase of RR nor TV. This result is consistent with
the hypothesis that CRPS improves pulmonary gas exchange efficiency. In addition,
SpO2 changes during the ECG R-R interval PB with an inspiration to expiration at a
ratio of 2-to-2 beats showed higher than either conditions in which drowsiness got
weakened and the condition when yawns and deep breath appeared. This results
support that inducing CRPS by the proposed method recovers oxygen de-saturation
more effectively than such spontaneous physiological reactions. This experiment found
that inducing CRPS by the proposed method has a potential to recover oxygen desaturation during the drowsiness.

4.2.5

Conclusion of the feasibility study

In the feasibility study, the five factors are verified as follows.
1)

SpO2 decreased when drowsiness got stronger; on the contrary SpO2 increased
when drowsiness got weaker.

2)

CRPS was induced by ECG R-R interval PB with inspiration and expiration at a
ratio of 2-to-2 beats.

3)

SpO2 significantly increased during CRPS.

4)

SpO2 was increased not because of the increase of RR or TV.

5)

SpO2 increase brought about by CRPS is greater than that of yawns or deep
breathing, or a weakening period of drowsiness.
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In conclusion, inducing CRPS by PB using pulse sound synchronized with
heartbeats has a potential to prevent drowsiness physiologically. By adjusting the
breathing pattern to the indicator, a driver can obtain sufficient oxygen into the body
to overcome drowsiness. This method is useful from the point that it eases drowsiness
physiologically not just warns a driver by sounds, vibrations, or displaying messages.
It is hard to get rid of drowsiness just being aware of not to be fallen asleep, but this
method enables a driver to keep his or her alertness in driving scenes.
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Fi gu re 15 V ib rat io n ge n e rat e d b y a vib rat o r a tt ach e d in t h e se at.
(a) Generated vibration. (b) Vibrator setting position.

4.3 Evaluation of the alerting stimuli in drowsy driving condition
The feasibility study indicated that the developed alerting technique effectively
reduces drowsiness in the normal rest condition. The next step is to verify whether it
works without any instructions of pace breathings while driving. To evaluate the effect
of our method in the actual drowsy driving seen, it is necessary to develop a way to
indicate the timing for CRPS inducement besides pulse sounds. Auditory indicator is
easily hidden by surrounding noises while driving, and the indicator needs to be
comfortable and makes it possible to induce CRPS unconsciously with smaller
stimulation. If it annoys or bothers a driver, it cannot be acceptable for actual uses.
Rahman et al. investigated response of haptic feedbacks in different portion of the
body in order to determine comfortable level of vibrations for alerting a driver [100].
Actuator vibrations used for the haptic feedbacks is resemble to mobile vibration
alerts, which is familiarized drivers now a days. According to the reasons, vibratory
stimuli were focused for the indication of breath timings. Tactile perception is
relatively less affected by the ambient background auditory noises and since it can be
intentioned automatically, a driver does not need to look out for the signals. In the
study, a driver’s seat is used for delivering of the vibratory stimuli for the reason that
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Fi gu re 16 . Configura ti on of the equipm ent and a pr otocol used in the
expe ri me nt II I.
(a) Configuration of the equipment. (b) Protocol used in the experiment.

it has a large contact with the driver’s skin. As Figure 15 (b) shows, the vibrator was
attached on a frame board of the seat back. The motor vibrated every time a R-wave
appeared on the ECG (Figure 15 (a)). The motor was vibrated for 65ms on each
pulsation in order to get the vibration strength and frequency of 0.3 G and 40Hz,
respectively. This amount was settled to have less negative impression of the vibration
[101]. By using this car seat, the stimuli were tested in a driving simulated condition in
the experiment III.

4.3.1

Method of the experiment III
The experiment III was done in cooperation with 15 subjects (6 males, 9 females,

age: 20.9 ± 1.6) provided written informed consents. The subjects drove one-hour with
the driving simulator described in Section 3.2. The vibratory stimuli correlated with a
driver’s heartbeat were given to subjects at 30 and 45 minutes past from the beginning
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for one-minute duration at each occasion (Figure 16 (b)). The subjects kept driving
without the stimulation in first 30 minutes to make themselves drowsy and tired. The
second stimuli were given after the interval of 15 minutes from the first stimuli in
order to avoid influence of the first one. Since the test aims to investigate the
involuntary breath changes by the stimuli, no instructions were given to the subjects to
control their breath timing while the stimuli were given to them. The effects on the
stimuli were investigated from three aspects listed in Section 4.1. The appearance of
CRPS was quantified by using the synchrogram obtained from ECG and respiration,
which calculation principal is already mentioned in Section 4.2.2.

Amount of

oxygenation was observed by SpO2 measured from the forehead, and drowsiness
reduction was verified by drowsiness parameters, VAS, NEDO-scale, TE, and
PERCLOS (See Section 3.3). The bio-signals, ECG, respiration, and SpO2 were
recorded through the telemeter system (WEB-7000, Nihon Kohden) with 1 kHz
sampling frequency as shown in the Figure 16 . The ECG was obtained from electrodes
attached on the chest and respiration was from a strain gauge bandaged at the
abdominal region. SpO2 was measured by a pulse oximeter attached on the left
forehead. These bio-signals were transmitted to the receiver (ZR-700H, Nihon Kohden)
and were recorded into the data logger (CC-700H, HP) (Figure 16 (a)). The drowsiness
parameters were collected according to the procedures mentioned in Section 3.3.
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Fi gu re 17 . A ppe ara n ce o f the stripe pattern s on the Sy n ch rogram s
during the vi bra tory stim ul i from the sea t.
(a) Synchrogram of subject A. (b) Synchrogram of subject B.

4.3.2

Result of the experiment III
Figure 17 shows the representative synchrograms during the vibratory stimuli

given to subjects from the seat. The typical stripe patterns appeared at the duration of
stimuli in both the subjects A and B. The stripes are not as clear as when the PB is
instructed, but it is apparent that CRPS had been induced by the stimuli. To quantify
this CRPS, standard deviation of histograms obtained from synchrogram, σ, is used.
Figure 18 and Figure 19 indicate responses of the stimuli. The groups of before

and during the stimuli were compared by paired t-test. Since the value range of the
parameters largely differ among subjects, all the parameters were compared after
standardization.
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Fi gu re 18 . S tr en g th of C R PS , σ, and S pO2 before, during , and after
the alerting stim ul i.
(a) Standardized σ. (b) Standardized SpO2. N=15. A paired t-test.. Asterisks
stand for p-values: * p<0.05, **p<0.01

Fi gu re 19 . Dro wsi n ess re fe re nc e para me t e rs b efo re , du ri ng , an d aft e r
the alerting stim ul i.
(a) Standardized VAS. (b) Standardized NEDO-scale. (c) Standardized PERCLOS.
(d) Standardized TE. N=15. A paired t-test. A dot and asterisks stand for pvalues: •p<0.1, * p<0.05, ** p<0.01.
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As Figure 18 shows, σ got significantly higher during the stimuli given to the
subjects. This result indicates that the CRPS appeared by the vibratory stimuli
without any instruction of breathing. After these CRPS increment were observed,
significant increases of SpO2 were seen. Improvement of gas exchange efficiency by
the CRPS may have caused this increasing of SpO2 with slight delays. At the same
time, there were significant decreases (p<0.05) in both VAS and NEDO scales by the
stimuli (Figure 19 (a)(b)), and marginally significant decrease (p<0.1) in PERCLOS
(Figure 19 (c)). These results imply that the CRPS brought by the stimulation played
an active influence to the oxygen supply to the body and reduced the subjects’
drowsiness. Since TE did not show any significant changes by the stimuli Figure 19
(d), it infers that the vibratory stimuli does not bother driving.

4.3.3

Discussion and conclusion of the experiment III
The positive effect of the alerting stimuli has confirmed by the results of the

experiment III done in cooperation with 15 subjects. As the results shown, σ got
significant increase when the stimuli were given to them by tactile pulsations. After
the stimuli were given to the subjects, the significant increase of SpO2 and significant
decrease of both VAS and NEDO-scales were observed. These results insisted that
CRPS was induced by the stimuli and it played an active influence to the oxygenation,
which reduced the subjects’ drowsiness. The rhythmic pulsations of the motor with
each heartbeat played an indicator of inspirations and expirations to make it
synchronized with the heartbeats. In addition, the CRPS were induced without any
instruction to the subjects while simulated driving. Conclusion of the test is that the
vibratory stimuli are effective for drowsiness reduction and satisfies all three aspects,
i) through iii), listed in Section 4.1. It is applicable for the drowsy driving prevention
system and brings a novel solution for drowsy drivers.
The idea of using CRPS for reducing drowsiness is unique, which never
attempted in the literature. Since the feedback indicator uses the driver’s own
heartbeats, it realizes to have a great affinity to the stimuli.
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Though prospective results have been obtained, the effect of this method is not
verified in the actual driving situation. In addition, the effectiveness of this method
among the previous studies has not been compared. Especially, it remains a concern
how it differs when high concentrated oxygen is injected to a drowsy driver like the
way previous studies conducted [69][70][71][72]. If the proposed method realizes an
effect equal or better than injecting high concentrated oxygen to a driver, it can be
more practical from the point of less equipment installation and less system control.
Because it does not require any oxygen stock container or generator, and vent system
to deliver high concentrated oxygen to passenger compartment in a car. It requires
only an ECG sensor and an actuator for the indications of breath timings. However,
there are two limitations for conducting these issues. The first limitation is that it is
difficult to ensure safe and ethical to induce drowsiness while driving on road. Hence,
the test can be conducted only with a driving simulator, which can provide wide view
and extensive moving base that enables to simulate similar to road experiments. The
second limitation is that it needs to have enormous equipment to control the oxygen
concentration of the passenger compartment. Since it is necessary to settle the same
percentage of the oxygen in the compartment for the comparison of the previous
studies mentioned above, it cannot be conducted without the equipment that requires
huge funds. Therefore, these evaluations will be relying upon automobile
manufactures or major institutions.
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Chapter 5

5

Designing of the bio-signal sensors

5.1 Introduction of the bio-signal sensors
In Chapter 4, alerting stimuli for a drowsy driver was developed and it is
verified that the stimuli effectively reduce drowsiness. Using the vibratory stimuli,
which coordinated with the driver’s heartbeats, induces CRPS and prevents the
oxygen desaturation of a drowsy driver. Realizing the alert stimuli for practical uses,
bio-signal sensors that constantly collect ECG while driving is essential. The sensors
need to be non-invasive metric that obtain ECG though clothing with less affection of
motion artifacts, engine and road vibrations. In this chapter, capacitive ECG sensor
was developed as a main sensor and wearable pulse oximeters are made as a backup
for signal losses of the main sensor. Pulse oximeters are embedded onto daily wear
items such as eyeglasses and earphones in order to give drivers an option to wear the
sensor without any additional customs for their driving.
The main purpose of developing the sensors are to collect heartbeat for creating
the alerting stimuli, but it is also important to develop a scheme to utilize the acquired
signal for drowsiness detection to enhance the efficiency of the developed stimuli.
Since the capacitive ECG sensor and pulse oximeters enable to collect extra multiplex
signals such as respiration and SpO2 with the same ingrediencts, it makes it possible
to estimate an appropriate timing for the stimuli trigger. Therefore, the configurations
of both sensors are designed as to collect respiration and SpO2 as well.
The following Section 5.2 and 5.3 describe details of development of the
capacitive ECG sensor and the pulse oximeters, and Section 5.4 shows the evaluation
of the heartbeat collection from both sensors. Discussion and conclusion are described
at Section 5.5.
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5.2 Capacitive ECG sensor
5.2.1

Literature review of the non-contact bio-signal sensors
There are three major non-contact measuring methods for ECG and respiration:

radar Doppler measure [102][103][104], ballistograms [105][106][107], and capacitive
measure. Radar Doppler measure detects the Doppler shift of body moves brought by
the heartbeats on the order of a few millimeters or less by sensitive radar aimed at the
thorax area [102]. Ballistogram is the monitoring of ballistic force imparted by the
motion of blood and heart during each cardiac cycle and thoracic movement by
respiration cycle [107].

Capacitive measure provides the same access to the

conventional ECG monitoring; unlike it enables indirect skin contact measurement by
capacitive coupling. Respiration can be measured by the impedance changes between
two electrodes placed on the body, which caused by the thoracic movement
corresponds to respiration cycle. Disadvantage of radar Doppler measure is that it is
based on the detection of back-scattered microwave signals modulated by the
heartbeat and thoracic movement caused by respiration cycle. Therefore, it is very
sensitive to motion artifact and requires complex data processing to identify heartbeat
and respiration signals [108]. Ballistogram is also very sensitive to motion artifacts.
Walter et al. compared ECG signal qualities derived from capacitive monitoring and
ballistogram in an actual car, and reported that ballistogram distorted too big to allow
signal interpretation while capacitive monitoring derived signal shown acceptable
quality during driving [109]. Baek et al. also compared accuracy of capacitive ECG
monitoring and ballistogram by calculating correlation and error between reference
signals, and reported capacitive monitoring obtained higher correlation and less error
than ballistrogram [110]. Although there are several issues need to be overcame such
as signal attenuations or noise contamination, capacitive monitoring has the most
prospective potentials for vehicle use among the others. The aim of the development is
to cope with these issues and design reliable capacitive monitoring system for drowsy
driving detection.
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5.2.2

Underlying theory and methodology of the capacitive measure

By using the capacitive measure, ECG signals can be measured through clothing
using the concept of displacement current through capacitive coupling. The impedance
between an electrode and skin Z[Ω] is defined as:

𝑍=

!
!
!!"#
!

Eq. 14

Where R[Ω] is resistance and C[F] is capacitance. Capacitive electrodes, insulated by a
thin layer, creates very high R value, so that ZR=∞ is given as:
!

𝑍!!! = !"#
Eq. 15
Therefore, the ECG can be collected through C, which needs no direct contact to the
body. The capacitive measure technique was first mentioned in 1967 by Richardson
[111]. However, it did not become a big attention until in the last years when
noninvasive and awareness-free approach became in need for long-term monitoring of
biosignals. Unlike conventional ECG measurement, capacitive measure does not
require any electrolytic paste or conductive adhesive for measurement; therefore it
does not cause irritations and discomforts. This advantage let capacitive measure to
gain more attraction in both research and industries. Today, it is built into a range of
objects: office chairs [110][112], beds [113][114], toilet seats [115], bathtubs [116], and
of-course cars as well [109][117][118][119]. There is several studies tested capacitive
biosensor system in real driving condition. Schneider et al. integrated a capacitive
ECG measurement system into an Audi Q5 test car [118]. They evaluated the system
under realistic driving conditions using a reference ECG system. The results of road
test showed a sensitivity of up to 95.5% and a positive predictive value of up to 92.6%.
Their system obtained good result, but still there are some errors appear by motion
artifacts especially by forward acceleration, down acceleration and steer angle. Walter
et al. also tested capacitive ECG measurement system in an actual car, SMART
manufactured by Mercedes-Benz [109]. The system was evaluated during different
driving scenarios: motor switched off, motor running idle, and driving on city roads on
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Fi gu re 20 . E qu iv ale n t ci rcu it o f the capa citiv e electr ode fro n t-e nd.
Source voltage, coupling capacitance, bias resistor, and input capacitor are
denoted as V s, C c, Rb, and Cin, respectively.

the German Autobahn. Results showed the running motor itself did not pose a severe
problem on the signal quality, like as motor switched off. However, signal deteriorated
due to body movements during the driving on city roads. As described in these
previous studies, key issue of the system is to cope with disadvantage of the capacitive
measurement, which is the continuous changing of capacitance between electrodes and
driver’s body due to body movements, vehicle vibrations, varying thickness of clothing
and materials, as well as static charges. 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 capacitive
measurement.
The first methodology is to avoid signal attenuation. When bio-potentials are
picked up through clothes, coupling capacitances are of hundreds of pF when the
insulation layer directly placed over the skin decreases down to a few pF when the
clothing intervened [113][114]. The smaller coupling capacitance leads to the larger
attenuation of signals. As is shown in Figure 20 , the common electrical equivalent
circuit of a capacitive electrode forms voltage divider with bias resister Rb and input
capacity Cin. The transfer function follows to:
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Fi gu re 21 . Configura ti on of the capa cit iv e E C G sen sor .
(a) Neutralization circuit. (b) Accelerometer for the adaptive notch filter. (c) AC
coupling circuit. (d) Differential amplifier. (e) DRL circuit. (f) Filters and
amplifications. (g) Digital signal processing.

𝐻 𝑠 =
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Eq. 16

The source voltage, coupling capacity, and the output voltage are denoted as Vs, Cc,

Vout, respectively. Regarding Cc value of a few pF, Rb requires GΩ 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 poly-chlorinated biphenyl board
(PCB), 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, a current that equals the current flowing on Cin, thus
neutralizing the effect of this capacitance [120][121]. 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:
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Fi gu re 22 .Config uration of the c apac iti ve electrode.
(a) Size and outward appearance of the electrode. (b) Mounted circuit on the
electrode
!

𝐶! = 𝜀 !

Eq. 17

where A is the effective 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 contaminated 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
artifacts. 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.
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Table 3
S u mm ary o f capa cit ive e lectrod e size , fle x ibil it y and a ppli cat io n s
References

Size

Characteristic

Application

Leonhardt et al.,
2008 [202]

40mm × 80mm

Rigid

Car

Heuer et al., 2010
[117]

60mm × 100mm
Thickness 1.0mm

Flexible (Flexible textile
with isolating PU films.)

Car	
  (Mercedes
S-Class)

Matsuda et al.,
2008 [203],

100mm × 150mm
Thickness 0.45mm

Rigid (Glass Resin)

Car

Joong Jung et al.,
2013 [123]

50mm × 70mm

Rigid (0.1mm copper plate)

Car

Kyoso et al., 2012
[122]

200mm × 300mm
Thickness 0.20mm

Rigid (copper plate with
0.1mm vinyl chloride film)

Chair

Jae Baek et al.,
2012 [110]

30mm × 40mm

Rigid (Shielded by an
aluminum case)

Chair

5.2.3

Implementation of the capacitive ECG sensor
Figure 21 shows the configuration of the capacitive ECG sensor developed in

the study. Flexible electrode (See Figure 22 ) and neutralization circuit was designed
mainly for signal attenuation avoidance, and AC coupling circuit, DRL, and digital
filters are made for noise suppression. The specific implementations of each part are
presented in following sections.

5.2.3.1

Flexible active electrode

Capacitive electrodes are especially difficult to employ compared to gel-based
counterparts due to the high capacitive source impedance. Small effective area of
electrode sensing surface and low signal frequencies (5-30Hz) result in extremely high
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Fi gu re 23 . Cross sec tion of the cap acit iv e e le ct ro de.

Fi gu re 2 4. Appear ance of the c apaci ti ve electrode.
The electrode is flexible and it can be easily bended.

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 electrode surfaces are permissible. It is important to consider the size
and curvature of the electrode. Because the surface of the human torso is curved, air
gaps were created between 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.
Table 3 tabulates the size and flexibility of electrodes used in previous studies.
There are variety of electrode size from 30mm × 40mm (Jae Baek et al. [110]) to
200mm × 300mm (Kyoso et al. [122]). As the Eq.14 shows, the larger size of the
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electrode leads to enlarge the coupling capacitance, which improves the signal.
However, tradeoff with the larger electrodes increase the non-contacted area as well;
therefore, more noises contaminate into the signal. Heuer et al. used flexible
conductive textile for the electrode in order to adjust the curvature of the body and
keep the size of electrodes [117]. This idea improves the body contact and enlarges the
coupling capacity, but at the same time, the electrode stretches with body movement,
which causes changes of the electrode impedance properties and skin to electrode
interface. Thereby it might results in distorting the recorded waveforms.
A key to improve the capacitive measurement is to acquire both flexibility and large
electrode surface. In this study, polyimide was used to realize these features. Figure
23 shows the cross section of the electrode. It is consisted with four layers of copper

plates and two layers of 50µm thick Polyimide plates. As Figure 23 shows, 70µm thick
Prepeg is sanded with 17µm thick copper plates, and are covered with the polyimide
plates. 35µm thick copper plates placed exterior 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 layers are covered with 50µm thick cover for insulating the
electrode. The total thickness of the electrode is about 370µm; therefore, it can be
easily bended as shown in Figure 24 and fits to the curvature of the body effectively.
As shown in the Figure 22 , the height and width of the electrode are 120mm and
70mm, respectively, and all corners are rounded radius of 5mm. In the square with
dashed lines, electrical components are embedded as shown in Figure 22 (b). It is high
input impedance front-end with neutralization circuit. Capacitive between electrode
face and ground, C5, is approximately 4.7nF. The gain of neutralization circuit, which
compensates effects of capacitance between the electrode face and guard, is adjusted
with the potentiometer R4.
The setting position of electrodes is also important to have a sufficient signal
quality. The electrodes need to position where it realizes large permissible electrode
surfaces. Jung et al. selected the optimal position of electrodes from several practical
scenarios considering the physical position of the subject’s heart to minimize the noise

62

effects for the capacitive ECG monitoring in a car [123]. The results from two test
subjects concluded the optimal positions of the electrodes are which placed 25cm
vertically high from the bottom of a seat and arranged side-by-side, 8cm apart and
mirroring each other. This position showed the highest values of Q-R amplitude and Twave inversion with less noise effects and baseline wander. The result is reasonable,
because the position is where the body touches to the backrest with high pressures.
Schommartz et al reported the increase of pressure on the back against the electrode
improved the signal quality. They investigated the electrode positions for capacitive
monitoring with a group of ten males and females with different physique. They used
pressure measurements with a flexible pressure sensor mattress and positioned
electrodes in a 2 by 3 matrix in the backrest [124]. The result showed that with
decreasing surface pressure, the signal quality of the capacitive ECG decreased in
comparison with the reference signals. Considering these literatures, electrodes were
positioned according to the study of Jung et al [125].
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Fi gu re 25 . Compa rison of the sig nal attenua ti on among C in o f 1 pF to
5n F , sim ul at ed by T in a- TI .

5.2.3.2

Neutralization

Input capacitances Cin from the amplifier and stray capacitances on the PCB are
not avoidable. It causes signal attenuations due to the voltage divider formed by Cc
and Cin (Figure 20 ). Figure 25 shows the comparison of signal attenuation brought by
different values of Cin, which are simulated by Tina-TI (V9, Texas Instruments). The
values of Cin are settled as 1pF, 10pF, 100pF, 1nF and 5nF. The gain of the signal was
calculated between Vs and Vout. At the frequency of ECG, for instance of 20Hz, there is
no gain reduction seen when Cin is 1 pF. However, gain reduces with larger value of

Cin. The capacitive electrode used in this study has Cin around 5nF, which correspond
to the gain reduction of -40dB. This is a big problem for ECG acquisition that needs to
be solved. The idea of neutralization is to provide a positive feedback of a current that
equals the current flowing on Cin. This technique was historically used for
micropipette electrodes [126], and is gaining its attention to capacitive measurement
in recent years [121][127].
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Fi gu re 26 . Concept of the neutral ization ci rcuit.

The neutralization circuit employs a potentiometer, Rn, which controls the
amount of positive feedback λ couples back to the input through the neutralization
capacitor Cn as shown in Figure 26 . By adjusting λ, the current on Cn may exactly
compensate for the current on Cin, thus neutralizing the effect of this capacitance. The
adjustment of this λ needs to have a careful treat not to have over neutralization,
which is when λ > Cin/Cn+1, otherwise the pole may move toward the right half plane
to result in unstable system. On the other hand, when λ< Cin/Cn+1, the gains of each
electrodes become unbalanced, and causes a problem in differential recordings.
Complete neutralization can be realized only when λ = Cin/Cn+1. In this situation, the
current flowing on Cn may exactly compensate for the current on Cin. Therefore, the
signal gain is kept as |Vs / Vout|≈1. Gain λ was carefully adjusted not to cause
instability.
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Figure 27. Driven-right-leg circuit.

5.2.3.3

Driven Right Leg (DRL) circuit

The capacitive measure is weak for the CM noise due to high impedance
between the capacitive electrode and the body, and its variations. In addition, when
each electrode gets different impedances, the noise in the body becomes inequivalent
to the CM signal in the differential amplifier. This differential noise is, therefore,
greatly amplified in the differential amplifier, which leads to saturation. Thus,
minimizing CM noise is essential for capacitive bio-signal measurement. DRL is the
technique that reduces the CM noise from power line, electric devices or body
movements, and it works with fully capacitive system [128]. The CM voltage (VCM) on
the body is sensed by the two averaging resistors Ra, inverted, amplified, and fed back
to the third capacitive electrode (Figure 27). This negative feedback drives the VCM to
a low value.

𝑉!" =

!!
!"#!

!!!
!!

Eq. 18

!

𝑉!"# = − !! 𝑉!"
!

Eq. 19

The attenuation of VCM is proportional to the ratio of Ra and Rf, which is the gain of
the feedback amplifier in the DRL configuration. To minimize the common mode
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Figure 28. Differential amplification and the AC coupling
circuit.
(a) Typical circuit for balanced ac coupling. (b) Spinelli’s ac coupling circuit
without any grounding resistor [129].

interference, this ratio needs to be increased. Nevertheless, saturation of the output of
the feedback amplifier must be avoided. When power supply voltage is set to ±12V and

VCM is as large as 20mV, the gain should be smaller than 600. In the circuit, the value
of Ra and Rf are chosen 2.2kΩ and 560kΩ, respectively. In this case, the gain is
approximately 510 and it does not get saturated until initial VCM exceeds larger than
20mV. As shown in the Eq. 16, VCM attenuates as small as 0.62mV when Id, Ce, and
frequency f are 1µA, 10nF, and 50Hz, respectively in this gain. The capacitor of 50µF
was placed at the line between Ra and Rf in order to suppress DC component. The
third capacitive electrode is formed with 140mm × 140mm conductive fabric covered
with thin plastic layer. The electrode is attached on the bottom of a seat.

5.2.3.4

Differential amplification and AC coupling

The amplifier block in Figure 21 consists of a differential amplification stage for
each lead. The differential amplifier, AD620 manufactured by Analog Devices,
achieves a common-mode rejection ratio (CMRR) of approximately 100dB. However,
the differential amplifier gets malfunctioned due to electrode offset, so that input ac
coupling is needed to suppress DC component.
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The simplest AC coupling technique is a passive high-pass filter in front of the
amplifier. It is simple and suits low power applications, but grounding resistor reduces
the input common mode impedance, which degrades the effective CMRR due to the
potential divider effect. E.M. Spinelli et al. proposed an AC input coupling circuit that
does not require any grounded resistor to realize a high CMRR [129] (Figure 28 (b)).
This circuit reduces baseline drift and prevents amplifier saturation. It has the
following transfer function, when R1 equals to R2:

!! !

𝐺(𝑠) = !!!!!

!!

Eq. 20
This AC-coupling circuit provides a bias path for the next circuit component without
any connection to the ground. It realizes closed-loop control of the DC common mode
voltage by means of a DRL circuit. The value of R2 and C were selected as 100kΩ and
1µF, respectively to have a cutoff frequency of 1.59 Hz.

5.2.3.5

Analog filters and amplifications

Analog filtering was applied for noise suppression after the differential
amplifier, AD620. Figure 29 shows the wiring of the filters for ECG and respiration.
Sallen-Key active high-pass (fc=4.95Hz, Q=0.73) and low pass (fc=30.9Hz, Q=0.70)
filters were applied for eliminating the baseline drift and high frequency noises in the
signal. The respiration signal was extracted by Sallen-key active low-pass filter
((fc=4.91Hz, Q=0.70) and the both ECG and respiration signals were amplified with
the gain of 331. Frequency-gain responses of the filters were shown in Figure 30.
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Figure 29. Wiring of the analog filters and amplification.

(a) Sallen-Key active high-pass filter, fc = 4.95Hz, Q = 0.73. (b) Sallen-Key
active low-pass filter, fc = 30.9Hz, Q = 0.72. (c) Sallen-Key active low-pass
filter, fc = 4.91Hz, Q = 0.70. (d) Non-inverting amplifier, G = 331.

Figure 30. Frequency-gain responses of the analog filters.
Black and gray lines indicate ECG and respiration signal, respectively.
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Fi gu re 31 . S ig nals collected from th e ca pacitiv e ca rdio respir ato ry
sen sor .
(a) ECG collected from the sensor. (b) Respiration collected from the sensor.

Figure 31 shows collected signals from the capacitive cardio-respiratory sensor. The

signals were measured from 27 years old male with 2-layers of shirts while sitting on a
chair. The capacitive electrodes and DRL plane were placed at the back and bottom of
the chair, respectively. The designed filters work sufficiently and both the ECG
(Figure 31 (a)) and respiration (Figure 31 (b)) are clear enough for using drowsiness
detection.

5.2.4

Accelerometer for the notch filtering
One of the most troublesome issues of the capacitive measure is signal

distortion and noise contamination. Signal distortion often causes by body detachment
from the electrodes, which happens when breaking, cornering, or driving at a
downward slope. Although, this distorted signal is almost impossible to amend, it does
not happen frequently in drowsiness tempting road conditions such as driving in
highway or monotonous lanes. While noise contamination causes in any driving
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Fi gu re 32 . A cce le ro m et e r e m be dde d on th e c apac iti ve e le ct ro de s.
(a) Dimensions of ADXL325. (b) Diagram of ADXL325.

conditions, and deteriorates the signal quality largely especially when the frequencies
of the noise overlaps the frequencies of QRS complex (about 5 to 30Hz) in the ECG
signal. Since analog and digital filters for the ECG is generally settled to extract a
signal in the frequency range of 5 to 30Hz, those overlapped noises are not suppressed.
One of the main sources of the noise is brought by a car engine. Engine-derived
vibration is constantly delivered to a driver’s seat and makes a friction between the
driver’s body and the electrodes. It may gives an assumption that the noise
contamination causes at the low frequencies of engine-derived vibration, less than
30Hz, which corresponds to engine cycle of 1800rpm. However, Burdzik et al. noted
that engine-derived vibration indicates it’s peek frequency less than 30Hz even if
when an engine running at 3000rpm [130]. The fact shows that the frequency of the
engine-derived vibration depends on the structures of a car, and this issue needs to be
solved to secure the signal quality. According to the background, adaptive notch filter
using accelerometer was employed for the system. Three-axis accelerometer
(ADXL325, Analog Devices) was embedded onto the electrode. As Figure 32 (a) shows,
the dimensions of ADXL325 is 4mm square with 1.5mm thickness, and it has
provisions for band limiting the Xout, Yout, Zout pins (Figure 32 (b)). Capacitors at these
pins implement low-pass filtering for noise reduction. The 3dB bandwidth equation
follows:
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Fi gu re 33 . E C G s ign al s co lle ct e d in t h e sit ua ti on e n gi ne r un n in g
aro u n d 800 -12 00rp m.
(a) Without the adaptive notch filter. (b) With the adaptive notch filter.

!

𝑓!!!" = !!×!"!! ×𝐶(!,!,!)
Eq. 21
Since the interested frequency band in the study is less than 30Hz, 0.10uF capacitors
were used to get a cutoff frequency of around 50Hz.

5.2.5

Digital signal processing
The filtered analog signals were digitally sampled by an audio interface (M-

Audio Fast Track Ultra, Auid Technology, Inc.) with 24-bit resolution and processed
by Max 5.0.6 (Cycling ’74).

This software was selected in order to have easy

implementation and modification of program with high precision and good connection
with ADC board, M-Audio. By using the Max software, programs are implemented by
arranging and connecting blocks of objects. Each object works as self-enclosed program,
which are dynamically linked libraries. The object “biquad~” was used for filtering in
this study. It implements a two-pole, infinite impulse response (IIR) filter with the
following equation:
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Fi gu re 34 . Test c ar used in th e fea sibil ity stu dy.
(a) Positions of the capacitive electrodes and the DRL plane. (b) Test car.

Fi gu re 35 . Dr ivi ng c ourse for the feasi bili ty study.
The white line on the map shows the driving course. The subject drove the
course in clockwise. Peculiar driving motions and road situations are indicated
at ① through ⑥.

y[n] = a0×x[n]+a1×x[n-1]+a2×x[n-2]-(b1×y[n-1]+b2×y[n-2])
Eq. 22
where x[n] and y[n] stands for the input and output of a signal, respectively. a0, a1, a2,

b1, and b2 stand for coefficients of the filter. The filter type, cutoff (Fc) or center
frequency (Fd), gain, bandwidth, and quality factor (Q) are graphically and manually
settled by using “filtergraph~” object. This object generates filter coefficients for the
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Table 4
S u mm ary o f Se , P +, a nd R M S E du ri n g th e e n gi ne o ff a n d on
Se (%)

P+ (%)

RMSE (ms)

Subject #

Age

BMI

Engine off

Engine on

Engine off

Engine on

Engine off

Engine on

1

23

19.5

100

100

100

100

1.8

30.6

2

27

28.6

99.0

100

100

100

1.3

7.8

3

26

19.0

100

98.9

100

100

2.2

2.3

4

33

19.5

100

100

100

100

0.6

0.8

5

24

16.7

100

100

100

100

1.0

14.9

Average

26.6

20.7

99.8

99.8

100

100

1.4

11.3

“biquad~” object with graphical interface. These adjustable filtering tools are suitable
for real car testing, where unpredictable frequency of noise exists and requires
occasional modification of the filter designs.
The adaptive notch filter was implemented by using “pitch~” object, which
detects a peak frequency of an input signal, a signal for the accelerometer, with settled
specifications of FFT. The size of the FFT was set to 2048, but since the least sampling
rate of input in this software is 44.1kHz, the fundamental frequency in this case is
about 43.06Hz, which is too rough for the detection. Therefore, an object “hilbert~”, a
Hilbert transform based linear frequency shifter, was used to subtract 1kHz from the
signal to get smaller fundamental frequency, 1.95Hz. The detected peak frequency by
the “pitch~” object is interpreted by adding 1kHz to get the real frequency. When the
peak frequency (Fp) of the engine-derived vibration is detected, the frequency Fp is
used as the center frequency of the notch filter and eliminates the contaminated
noises.
The Figure 33 shows the efficiency of the adaptive notch filter in an actual car,
tested with Nissan Sunny (Figure 34 (b)). The capacitive electrodes were settled
according to the position Jung et al. proposed [125]. The DRL plane was placed at the
bottom of the seat as shown in the Figure 34 (a). The engine was running at around
800-1200rpm, which is about 13.3-20.0Hz, during the acquisition. When the adaptive
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notch filter is not applied, ECG is hidden under the engine-derived noises (Figure 33
(a)). Besides, the ECG signal is visible when the filter is applied (Figure 33 (b)). The
arrows indicate the R-waves of the ECG, which are clear enough for the R-wave
detection.
Table 4 tabulates the performance of R-wave detection obtained from 5 subjects
(all males, mean ± SD = 26.6 ± 3.9 years old) during the engine on and off. Range of
the body mass index (BMI) among the subjects were 16.7 to 28.6kg/m2. During the test,
subjects kept still on the seat for 60 seconds with one shirt. Quality figure of the Rwave detection is given by Detection Sensitivity (Se), Positive Predictivity (P+), and
root mean squared error (RMSE):

𝑆! =

𝑇𝑃
×100%
𝑇𝑃 + 𝐹𝑁
Eq. 23

𝑃! =

𝑇𝑃
×100%
𝑇𝑃 + 𝐹𝑃
Eq. 24

𝑅𝑀𝑆𝐸 =

1
𝑁

!

(𝑥 𝑛 − 𝑦[𝑛])!
!!!

Eq. 25
Where template, initially given signal, shift parameter are denoted as x[n] and y[n].
The true positives, false positives, and false negatives are denoted as TP, FP, and FN,
respectively.
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 11.3ms, which is acceptable for
HRV analysis. The proposed system with the adaptive notch filter is prospective for
practical use.

75

5.2.6

Feasibility test for the capacitive ECG sensor
It is important to confirm that the developed sensor works in an actual driving.

Therefore, the feasibility test is implemented in Kitachikusa Campus, Nagoya City
University with the same car shown in the (Figure 34 (b)). A subject, 27 years old
male with BMI of 28.6kg/m2 wearing two-layers of shirts, drove the course as shown in
Figure 35 . There are 90 degrees cornering, road humps, and an upward and

downward slope in the course. These driving obstacles are indicated ① though ⑥ in
the Figure 35 . The capacitive electrodes and DRL plane are settled as the same way
in the previous section (Figure 34 ).
The driving video and the ECG signals at the peculiar point ① though ⑥ in the
Figure 35 are captured in the Figure 36 . When the subject is driving at straight road,

R-waves are clearly shown in the ECG signal. The signal quality is well enough for the
R-wave detection; therefore, the developed capacitive electrodes are sufficient for the
application in this situation. However, when the peculiar driving movements or road
situations such as breaking, cornering, road humps, downward, and upward slope
encounter, large noises overlap the ECG signal. Especially, when there are slopes, the
signal deteriorates largely and R-waves are totally hidden in the noises. It happens
because the body detaches the electrodes in these situations, which makes it
impossible to collect the signal. Since the electrodes are fixed on the seat, it is
unavoidable. Thus the backup metric that compensates the disadvantage of the
capacitive measuring is essential for the application. This is the reason why the pulse
oximeter is implemented in the study.
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Fi gu re 36 . D rivi ng video a nd ECG si gnals cap tured at ① though ⑥ .
(a) Straight drive at ①. (b) Breaking at ②. (c) Cornering at ③. (d) Road humps
at ④. (e) Downward slope at ⑤. (f) Upward slope at ⑥.
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5.3 Wearable pulse oximeters
The capacitive measuring is useful for the monitoring in driving scenes in the
point of measurement through clothing without any attachment device on the body.
However, it gets malfunctioned when the sensor and the body are detached. It
happens when a driver largely steers a wheel, breaking a pedal, or driving on a
downward slope as indicated in the section 5.2.6. This disadvantage is crucial for city
drives; therefore, it needs to be compensated. By embedding pulse oximeter on
ambulatory daily wear items such as eyeglasses and earphone could play an important
role for assisting the weakness of the capacitive monitoring.
There is a concern about using the pulse oximeter whether pulse-to-pulse
interval (PPI) is compatible to R-R interval (RRI) and is appropriate for the alerting
stimuli creation or not. Since the pulse wave takes to travel from the heart to the
measurement site, PPI and RRI change by arterial compliance and blood pressure
[131][132]. If these two get large differences, PPI cannot be used as compensation of
capacitive sensor’s signal loss. The following literatures clear this concern. Selvaraj et
al. assessed HRV derived from fingertip PPG as compared to ECG. The results showed
a high correlation (median=0.97) between the ECG-derived RRI and PPG-derived PPI,
and PPI variability was accurate (0.1ms) as compared to RRI variability. In addition,
no significant differences (p<0.05) were shown in HRV parameters in the time domain
and frequency domain computed from RRI and PPI [133]. Although the agreement
between pulse rate variability (PRV) and HRV usually deteriorates somewhat during
upright position or exercise [134], there are good agreement in condition on subjects at
rest [133][135], which implies to ensure also in driving situation. To verify whether it
is possible to induce CRPS by using PPG instead of ECG, the feasibility test was
conducted with a subject, 27 years old male. The subject kept still on a chair with
spontaneous breath for 5-minute, and paced his breath according to the timing of
minima point in the PPG at the forehead for 5-minute. The PB was conducted at
inspiration and expiration ratio of 2-to-2 beats. Then another 5-minute spontaneous
breath was kept after the paced breathing. Figure 37 shows the synchrogram of the
CRPS inducement by PB using PPG and the SpO2 response by the inducement. The
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Fi gu re 37 . S yn ch ro gra m of t he C R PS i nd uc em e nt b y PB u sin g PP G,
an d t he SpO 2 re spo n se by t h e in du ce m en t .
(a) Synchrogram of the CRPS inducement by the PB using PPG. (b) SpO2
response by the CRPS inducement.

stripe patterns successively appeared during the PB and SpO2 increased just after the
PB started. The result suggests that the PPG can be substitute for ECG for the CRPS
inducement.
The merit of pulse oximeter is not only the compensation of the capacitive
monitoring, but also it enables to monitor the arterial blood oxygen saturation (SpO2).
As it is mentioned in the section 2.4, the oxygen saturation in the arterial blood is
strongly correlated with drowsiness. Continuous monitoring of SpO2 contributes to
improve the drowsiness detection, which going to be implemented in the future studies.
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Fi gu re 38 . Li gh t ab sorption by tissu e l ayers [204].
(a) Pulsatile arterial blood. (b) Non-pulsatile arterial blood. (c) Venous blood
and capillary. (d) Bloodless tissue.

Fi gu re 39 . R e lat iv e ab sor pti on s of t h e fo u r cla sse s o f H em o glo bi n .
(Adapted from [138])
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5.3.1

Underlying theory and methodology of the pulse oximeter
Pulse oximeter illuminates the skin and measures the light absorption shifts,

and provides valuable information about the cardio-respiratory system such as heart
rate, respiration rate, and the arterial blood oxygen saturation (SpO2). Pulse oximeter
detects light absorption changes according to Beer-Lambert Law by illuminating the
skin with the light from light emitting diodes (LEDs) and then measures an amount of
light transmitted or reflected to a photodiode. As Figure 38 shows, the attenuation of
light by the body segment can be separated into three independent components:
arterial blood, venous blood, and bloodless tissue. The increase in attenuation of light
is caused only by the inflow of arterial blood, which is an AC signal representing the
arterial pulse in time with the heartbeat. The residual blood, venous blood and
bloodless tissue are detected as a DC signal, which slowly fluctuates by venous volume,
vasomotion activity and thermoregulation. Respiration cause fluctuations in the
venous return to the heart by changes in the intrathoracic pressure, which in turn
modulates cardiac output and blood pressure. Therefore, appropriate filtering of both
AC and DC signals enables to monitor respiratory activity [136][137]. SpO2 can be
estimated by measuring the absorption of red and infrared light as it passes through
the tissue. Oxyhemoglobin (HbO2) and reduced hemoglobin (Hb) in the blood have
different optical absorption spectra. In the red region (600 - 750nm), HbO2 absorbs
less light than Hb, in the other hand, the infrared region (850 - 1000nm) absorbs
reversely. Figure 39 (adapted from [138]) shows the extinction coefficient for HbO2
and Hb. The red region has the largest difference between the two extinction curves.
At the isobestic point, where the two extinction curves cross (at 805nm), the
absorption coefficient for both HbO2 and Hb gets the same and keeps small difference
at later wavelength region. The ratio of absorption at these two wavelengths of light
corresponds to the oxygen saturation of arterial blood. The ratio R is calculated as
follows:
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Fi gu re 40 . Pl acemen t of a LE D an d a photo -detector (PD ) for the
transm ission a nd reflectance mode P PG .
(a) Transmission-mode PPG. (b) Reflectance-mode PPG.

R=

!"#$%/!"#$%
!"#$/!"#$

Eq. 26
Using the value R, SpO2 is calculated based on empirical curve, which closely
approximated by a linear equation:
𝑆𝑝𝑂2 = 𝐾! + 𝐾! 𝑅
Eq. 27
where K1 and K2 are constants extracted from a calibration curve obtained by curve
fitting data acquired from volunteers.

5.3.2

Literature of the wearable pulse oximeters
The pulse oximeter has two modes: transmission and reflectance (Figure 40 ). In

transmission mode, the light transmits through a medium and is detected by a
photodiode at the opposite side of the LED source. In the reflectance-mode, the photodetector (PD) detects light, which is back scattered or reflected from the tissue, blood
vessels, or bones. Although the transmission-mode enables to obtain relatively good
signals, the site of measurement is limited such as the fingertip or earlobe. It also
causes pain if worn over a long period of time and is unsuitable for driving scenes.
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Besides of this, reflectance type enables a variety of sensor placement for
measurements

including

the

ring

finger

[139][140][141],

forehead

[142],

nose[143][144], wrist [145][146], auditory canal [147][148], and auricle [149]. However,
it is susceptible to motion artifacts and pressure disturbances acting on the probe,
such as the contact force between the sensor and measurement site.
Two types of daily wear items can be listed that are worth embedding pulse
oximeter in order to recover the disadvantage of capacitive bio-signal sensor:
eyeglasses and earphone. These items do not place any obstacles for driving and do not
require any additional habit for wearing the devices, because it is already exist in our
driving circumstances. In addition, long-term wearability and reliable sensor
attachment is important. Since continuous monitoring while driving requires a device
that must be noninvasive and worn at all times, the daily item configurations for the
sensor unit is a natural choice. Moreover, these sensors enable to monitor oxygenation
of the brain, which has strong correlation with drowsiness. It improves the quality of
drowsiness detection. The following paragraphs indicate characteristics of the
measurement sites.
Since many drivers wear sunglasses or eyeglasses while driving, developing
eyeglasses-type pulse oximeter is a good compensator of the capacitive ECG
monitoring weakness. Konttila et al. reported that nose is one of the best places for the
pulse measurement, compared to the spots, such as earlobe, upper arm, wrist, chest,
upper back, abdomen, lower back, thigh, calf, instep, or big toe [150]. Zheng et al.
reported that PPG measured from the nose bridge showed better performance than
PPG from finger and the same performance as PPG from ear in terms of HR and pulse
transmit time (PTT) monitoring [143]. Since this type of pulse oximeter is difficult to
shield the sensor unit from the ambient lighting, strong affection of ambient light
arises as a concern. However, Fluck et al. reported that ambient light has no
statistically significant effect on pulse oximetry measurement and the magnitude of
the differences is small enough to ignore [151].
The auditory canal has relatively small affection of ambient light and motion
artifacts compared to the other measurement sites. Since the brain and head remains
perfused and being closer to the trunk, the auditory canal is expected to have a much
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reduced influence from low perfusion states and, results a better signal [152]. Vogel et
al. placed PPG probe in the auditory canal and obtained the results surprisingly small
differences to the ECG reference values [153].
Besides the eyeglasses and earphone, ring or wristband might be another
possibility for the application. These two measurements have much more research
accumulation than the eyeglasses-type and earphone-type have many advantages, but
they are not suitable for the application of the study. Following paragraphs
summarize characteristics of the measurements.
The placement position of rings is suitable for monitoring arterial blood flow,
because the primary vasculature of the finger is located near the surface. The ringshaped pulse oximeter was first developed by Asada, et al. [154], and some studies
have indicated that the finger is one of the best places for wearable bio-signal sensor
attachment [155]. Benchmark testing with PPG from a pulse oximeter and reference
ECG revealed that the ring-shaped sensor is comparable in the detection of beat to
beat pulsations [156][154]. However, the disadvantages of the ring-shaped sensor is
that when the ring touches an surrounding object, the contact force may distort the
measurement due to the displacement of the sensor to the finger [139]. It is also
susceptible to the contact force of sensor to the skin surface. It is necessary to apply a
certain magnitude of pressure on the skin surface in order to obtain stable PPG
signals. In addition, sensor location of the finger may easily shift away from the
arteries, thus resulting in the signal with low perfusion index. To cope with these
disadvantages, some trials are conducted in the literature. Rhee et al. developed a
double ring design in order to minimize motion artifacts and to reduce the influence of
external forces, acceleration and ambient light. By holding the sensor gently and
securely to the skin, the blood circulation in the finger remained unobstructed [139].
Hung et al. proposed using arrays of LEDs and photodiodes, ad a PID (proportional
integral derivative) control algorithm, which continuously searches for the optimal
sensing location [157][158]. Han et al. reported that the signal can be enhanced by
using mechanical design and adaptive filters [159].
Wristwatch-shaped sensors have been developed and already commercialized by
several companies. Kornowski et al. investigated reliability of PPI obtained through
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wristwatch probe as comparison of ECG, and found a 95% confidence interval for the
difference [160]. Konttila et al. reported that wrist under showed better pulse
detection than wrist top. However, this measurement site has poor pulse detection and
SNR [150]. The poor pulse detection causes due to insufficient pressure and an air gap
between the device and the skin. To obtain high quality of PPG signal from the wrist,
it often requires the application of pressure to bring the optical sensor close to the
major arteries.
Although many countermeasures are proposed for improving the signal quality
of the measurements in the literature, since the driving a car requires frequent wrist
motions such as steering a wheel or levering the gear transmission, poor pulse
detection and SNR are unavoidable Moreover, the measurement sites are far apart
from the brain; therefore, the oxygenation of the brain cannot be monitored. These are
the reason why eyeglasses-type and earphone-type are selected for the application of
the study.
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Fi gu re 41 . Config uration o f the a na log circu i t o f th e pulse ox im etry .

5.3.3

Implementation of the pulse oximeter

5.3.3.1

Configuration of the wiring

The configuration of the wiring is shown in the Figure 41 . The red and IR
LEDs are pulsed by turns at repetition rate of 10kHz from the LED drive circuits. A
frequency of 10kHz is settled in order to have a high frequency, which is well above
the maximum frequency of the arterial pulse. The reflected light detected by the
photodiode is converted to a voltage and amplified using an op-amp, which configured
as current-to-voltage converter. Since the obtained signal is mixed with two
wavelengths, sample-and-hold circuit was used to reconstitute the waveforms these
two. The outputs from these circuits are then filtered with a low-pass filter with 5Hz
cutoff frequencies and DC components were sampled at this point. AC components are
sampled after band-pass filter with 0.5 and 5Hz cutoff frequencies and amplification
were applied.
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Fi gu re 42 . Ti mi ng ci rcu it a n d g en era ted pu lses.
(a) Wiring of the timing circuit using LMC555 and CD74HC4538N. (b)
Generated pulses for red and IR LED drives.

5.3.3.2

Timing circuit

A 10kHz square wave was generated by a timer chip 555 by setting following
resisters and a capacitor: Ra = 1MΩ, Rb = 10kΩ, C = 68pF (see Figure 42 ). The
monostable A on 74HC4538N was triggered by the positive edges in this wave, thereby
a 22µs pulse for the red LED is generated. In contrast, the monostable B was triggered
by the positive edges and generate a 22µs pulse for the infrared LED. Rm and Cm are
settled as 10kΩ and 3.3nF, respectively.
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Fi gu re 43 . W iring of the L ED swi tchi ng a nd dr ive circuit .

5.3.3.3

LED drive circuit

As Figure 42 (b) shows, a DC current sink drives red and infrared LEDs of the
pulse oximeter. These current sinks allow 10mA to flow through the LEDs. The
current sinks are turned on only when needed. One half of the analog switch
(ADG1636 SPDT) is used to connect and disconnect the 1.22V voltage reference to
each current circuit (Figure 43 ). When the current sinks are driving their respective
LEDs, 1.22V voltage reference is buffered by the operational amplifier (TL072). The Nchannel MOSFET (TIP110) is connected as a source follower and is settled inside the
operational amplifier feedback loop. The 22pF capacitors are used to stabilize the
operational amplifiers. The 1kΩ feedback resistors are used to provide some current
limiting into the amplifier’s inverting pin. The 22Ω resistors in series with the
operational amplifier is intended to prevent possible oscillation when driving the NMOSFET’s input capacitance and also to suppress some of the transient response of
the N-MOSFET when it turns on and off.
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Fi gu re 44. W iring of the curr ent to voltag e c onv er ter and the sam ple
an d h ol d c ircu it s.
(a) Shared photodiode detector with a current to voltage converter. (b) Sample
hold circuits for the both LEDs.

5.3.3.4

Receiver circuit

When the photodiode detects light, a current is created proportional to the
intensity of the light detected. Then the current is converted into voltage using a
differential current to voltage amplifier as shown in Figure 44 . This amplifier is
switched off when the timing current sinks in order to subtract the amount of light
present when both LEDs are off. Since both the red and infrared LEDs are detected by
the same photodiode, sample and hold IC (LF398N) is used for each wavelength in
order to filter and amplify the signals individually. Low-pass filter (Fc = 5Hz) was
applied just after the sample and hold circuit to remove the high frequency noise. At
this point, DC components were sampled by the AD converter. AC signal was
extracted by high-pass filter (Fc = 0.5Hz) and amplified by later circuits.
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Fi gu re 45 . W iring of the a nalog fil ters.
(a) Low-pass filter with cutoff frequency of 10.6Hz. (b) High-pass filter with
cutoff frequency of 0.58Hz. (c) Band-pass filter with center frequency of 2.48Hz
and gain of -9.9.

Fi gu re 46 . Ga in of the analog fil ters.
The black line indicates AC components of the signal and the gray line shows
the DC component of the signal.
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Fi gu re 47 . W iring of the p ul se oxi meter probe.

5.3.3.5

Analog filters for the pulse oximeter

Analog filtering was applied for noise suppression after the sample and hold
circuit in Figure 44 . Figure 45 shows the wiring of the filters for red and IR LED
derived signals. Low-pass (Fc=10.6Hz) and high-pass (Fc=0.58Hz) filters were settled.
DC component of the red and IR LED derived signals were collected just after the lowpass filter was applied. Respiration signal corresponds to these DC signals. AC
components were amplified after the high-pass filter and then applied band-pass filter
(Fd=2.48Hz, G=-9.9) in order to eliminate baseline drift and high frequency noises.
Frequency-gain responses of the filters were shown in Figure 46 . The black line
indicates AC components of the signal and the gray line shows the DC component of
the signal
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Fi gu re 48 . PC B of th e pu lse ox im eter p robe.
(a) Comparison of the size with the left thumb (b) Layout of the PCB.

Fi gu re 49. R e lat iv e spe ct ra l sen si ti vit y o f S FH 27 01 a nd r el at ive
rad ian t i nt e n sit y of t he LE D s.

5.3.3.6

Pulse oximeter probes

Since the study aims to embed the pulse oximeter onto daily wear items such as
eyeglasses and earphones, the probe needs to be as small as possible. Especially,
earphone-type will be inserted into auditory canal; the probe should be smaller than
the canal size. In general, the length and diameter of the auditory canal of adults is
approximately 25mm and 8mm, respectively. Budidha et al. designed a PCB of an
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earphone-type pulse oximeter probe with the physical dimension of 5mm by 9mm.
They reported the size comfortable fits to the canal even though there is a slight curve
in the canal [148]. Referring to their dimensions, PCB of the probe was designed with
the size of 6mm by 7mm as shown in Figure 48 (a). Red (654nm) and IR (870nm)
LEDs, and a photo-diode (SFH2701) were settled in front side of the PCB. SFH2701
was selected as a photo receiver, because the wavelength of SFH2701’s peak
sensitivity is close to the wavelength of both red and IR LEDs peak intensity (Figure
49 ). It effectively captures emitted lights from the both LEDs. The current-to-voltage

converter was settled on the backside to the PCB. The converter transforms a
photocurrent into a voltage with moderate output impedance Figure 48 (b). Since the
negative input of the op-amp, LT6230, acts as a virtual ground, the output voltage
follows as: Vout=-IR1. The feedback resistance, R1, needs to be as high as several MΩ
for being typical in practice. Thus, 3.3MΩ was used in the study. The shut down (SHD)
pin on LT6230 is used for ambient noise canceling. Ambient light brings significant
noise into the system especially for the applications that cannot physically protect the
probe from the light exposure. Using shut down pin is an inexpensive and easy
solution for reducing the ambient light affection. When the two LEDs are turned off,
LT6230 is also turned off not to sample the unnecessary moment.

5.3.3.7

PPI and SpO2 calculation

PPG can be divided into two parts: anacrotic and catacrotic phase [161]. The
anacrotic part corresponds to the rising part of the pulse as shown in Figure 50 ,
which generated shortly after the QRS complex appears in the ECG. In this period,
blood pressure and blood volume in the arteries increase rapidly and brings a steep
rise in the pulse wave. The catacrotic phase corresponds to the subsequent decline in
the pulse wave. The pulse-to-pulse interval (PPI) is defined as the interval of the
minima points, which is the onset of anacrotic phase. PPI is calculated from filtered
PPG with the sample rate of 1kHz.
It is important to note that there is a delay between each R-wave (Rn) in the ECG
and minima point (Pn) in the PPG. The delay is termed pulse transit time (PTT),
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which has inverse correlation with blood pressure, arterial stiffness, or age. Since the
PTT varies by physiological conditions, it might causes deviations of the PPI from the
RRI series. However literature indicate that the deviation is small enough to ignore
the concerns [133][135].

Fi gu re 50 . Il lustration of RRI , PT T, an d P PI .

SpO2 is calculated from the ratio R (Eq. 26). In the frequency domain transform,
the DC component corresponds to the zero frequency component amplitude and AC
component amplitude corresponds to the highest spectral line between 1 and 2 Hz.
Since an Fast Fourier Transform (FFT) of this magnitude generally takes a longer
time to calculate, smaller sample rate and transform size is preferable. Scharf et al.,
demonstrated that it can be reduced to 15Hz sample rate and 64-point transform size
to maintain SpO2 accuracy [162]. Thus the study uses this amount. The largest
magnitude of the data location, 0 to 31, in the both red and IR signal are stored, and
applied to the Eq. 10, resulting in the driver’s SpO2.

5.3.3.8

Calibration of SpO2

The conversion from absorbance ratios to SpO2 is based on Beer-Lambert
calculation, but it tends to overestimate the oxygen saturation due to the effects of
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reflection and scattering of light. In addition, blood perfusion differs by measurement
sites, which affects SpO2 value. Therefore, pulse oximeters can only be as accurate as
their empirical calibration curves. The empirical calibration equation for SpO2
estimation can be derived from the data obtained from healthy volunteers. Although
each pulse oximeter manufacturer have their own calibration curves based on
volunteers tested [163][164], it is an unavoidable limitation. The two-types of pulse
oximeters developed in the study were calibrated by a commercial forehead mounting
pulse oximeter (WEB7000, Nihon Kohden) as follows:

SpO2 = a+bR+cR2
Eq. 28
where a, b, and c are best fit co-efficient, which obtained by fitting a second order
polynomial to a graph of R measured from the pulse oximeter calibrated versus the
reference pulse oximeter. The values of a, b, and c, are settled 113.3, -22.9, and 7.5,
respectively.
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Fi gu re 51 . S yst e m co nf igu ra ti on of t h e se nso r e val u at io n
(a) Measurement site of the reference signals and the pulse oximeters. (b)
Placement positions of the capacitive electrodes and DRL plane.

5.4 Evaluation of the heartbeat collection
The purpose of developing the sensors is to improve the stability of signal
collection for the drowsiness detection. Since the ECG from the capacitive electrode
gets distortion when a driver steers a wheel or pedal a break, and causes detachment
of his or her body from the electrodes. The pulse oximeters mounted on earphones and
eyeglasses compensate the signal loss of the capacitive electrodes. In this section,
robustness of the pulse oximeters was evaluated under the situation of the capacitive
electrodes gets detached from a driver’s body.
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Fi gu re 52 . Pr ototy pe of th e eyeg lasses-type and the e arph o ne -type
pulse ox im eters.
(a) Exterior of the eyeglasses-type pulse oximeter. (b) Exterior of the earphonetype pulse oximeter. (c) The eyeglasses-type pulse oximeter mounted on the nose
bridge. (d) The earphone-type pulse oximeter placed in the ear canal.

Figure 51 shows the system configuration of the sensor evaluation using a real

car seat and a steer wheel. The capacitive ECG sensor and the wearable pulse
oximeters developed in the study are compared with the conventional ECG sensor and
pulse oximeter. The reference ECG is collected from the bipolar leads with wet
electrodes on the chest. The reflective type pulse oximeter was placed at the left
forehead as the reference of the wearable pulse oximeters shown in the Figure 51 (a).
The PCB of the pulse oximeter probes are mounted on the eyeglasses frame (Figure
52 (a)) and earphone (Figure 52 (b)) in order to collect PPG from the nose bridge and

the ear canal. The both pulse oximeters were worn as shown in the Figure 52 (c) and
(d). The capacitive electrodes were placed 25cm vertically high from the bottom of the
seat and arranged side-by-side, 8cm apart and mirroring each other (Figure 51 (b)).
The DRL plane was placed bottom of the seat. A pressure sheet (450×450mm, 256
measurement spots) was settled back of the seat in order to investigate the
detachment of the body from the electrodes by the steer movements. All the signals
were recorded through the Multi-telemeter system WEB7000 (Nihon Kohden). The
Figure 53 illustrates the pressure map of the seat back by the steer movements.

When a driver holds a wheel at the default angle (Figure 53 (c)), the pressure of both
electrodes shows almost even. However, when a driver steers a wheel to -90 degrees
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Fi gu re 53 . Pr essu re ma ps of th e sea t bac k a t steer movem ents
(a) Placement of the pressure sheet and the capacitive electrodes. (b) Pressure
map of the seat back at the steer angle of -90 degrees. (c) Pressure map of the
seat back at the default steer angle. (d) Pressure map of the seat back at the
steer angle of +90 degrees.

Fi gu re 54 . S te e r mo ve m en t a n d t h e sch e du le o f th e te st .
(a) Steer angle by time. (b) Schedule of the test.

(Figure 53 (b)) or +90 degrees (Figure 53 (d)), pressure of the electrodes get
unbalanced, which causes a signal loss.
A subject, 27 years old male with BMI of 19.0kg/m2 wearing two-layers of shirts,
participated in the evaluation of the sensors. The Figure 54 shows the schedule of the
evaluation. The subject steered the wheel 90 degrees to the right and left with the
frequency of 0.05Hz (Figure 54 (a)). The steer task was conducted for duration of 1minute in between the 1-minute rests, and followed the same sets for 3 times (Figure
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Fi gu re 55 . E C G an d P PG at a tr an sit io n o f t h e re st to t h e st ee r
task.
(a) ECG by the capacitive electrodes. (b) PPG by the earphone-type pulse
oximeter. (d) PPG by the eyeglasses-type pulse oximeter.

54 (b)). The performance is quantified by RMSE (Eq. 25), correctly collected beats, and

correlation coefficient (CC), which is given as:
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Eq. 29

where template, initially given signal are denoted as x[n] and y[n].
Figure 55 shows the representative signals of ECG and PPG obtained from the

developed sensors at a transition of the rest to the steer task. Since the body twisted
and detached the capacitive electrode face during the task, ECG distorted largely
(Figure 55 (a)). Besides, both PPG signals from the pulse oximeters had no affection of
the movement (Figure 55 (b)(c)). The table 4 shows the signal accuracy of the sensors
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Table 5
S u mm ary o f R M S E , C C , an d C orr ec tly d et e ct ed be at s du rin g t he te st
Instance: 536 beats

RMSE (ms)

CC

Correctly detected
beats (%)

Capacitive electrodes

59.8

0.49

93.6

Earphone-type
pulse oximter

24.5

0.87

100

Eyeglasses-type
pulse oximter

27.6

0.82

100

during the steer task. Percentage of correctly detected heartbeats, RMSE and CC were
calculated from RRI obtained from the capacitive electrodes, and PPI obtained from
the two types of pulse oximeters versus the reference ECG collected from wet
electrodes on the chest and the reference PPG collected from the forehead, respectively.
Although the capacitive electrodes detected the correct heartbeats only 93.6%, the
earphone-type and eyeglasses-type pulse oximeters detected the correct pulses for
100%. Moreover, RMSE of both PPI from the pulse oximeters are almost half of the
RRI from the capacitive electrodes. The CC of the PPI marked less than 0.9. This is
because the PPG distort a little at the steer task due to sensor movements, which
makes a small gap between the reference PPG. Yet, the CC of PPI is much higher than
RRI from the capacitive electrodes. The result indicates that the earphone-type and
eyeglasses-type pulse oximeters are useful for the compensation of signal-losses of the
capacitive electrodes. The investigation needs to be conducted also in actual driving
scenes in the further study.

5.5 Discussion and conclusion of the developed sensors
The novel features of the bio-signal sensors designed in the study is that the
capacitive measuring enables to monitor cardiorespiratory function through clothing
just sitting on a seat, and the wearable pulse oximeters backup the signal losses to
ensure high data collection. The idea of compensating the weakness of the capacitive

100

measuring, which is the situation the body detaches the electrode faces, by using the
pulse oximeter embedded on the eye-glasses and earphones is unique. In the literature,
pulse oximeters in a car are often placed on a steering wheel, for example [165]. This
is because drivers are unlikely to wear any additional measuring devices during the
driving, and manufacturers try to suffice this demand. However, the pulse oximeter on
a steering wheel requires drivers to place their fingers on a certain position all the
time, which is almost impossible when they steer a wheel at cornering or levering a
transmission gear. Besides, the eyeglasses-type and earphone-type does not limit the
posture and realize stable measurement. In addition, since the eyeglasses and
earphones are already used in driving scenes, it does not require any additional
custom for the measurement. These are the strong advantages of developed sensors
and are suitable for the practical uses.
Moreover, the application for the developed sensors is not only limited for the
alerting stimuli creation or drowsiness detection, but it can be also utilized in many
ways. For example, it would provide an efficient diagnosis for sleep apnea by
evaluating HR, SpO2 and respiration patterns, which obtained for overnight. Since
sleep apnea causes strong drowsiness during daytime, these developed sensors might
become an easy and cost saving screening method that would contribute to prevent
drowsiness driving. It might also contribute to obstructive disease or asthma
monitoring, which strongly deteriorate concentration of driving.
The future study will be dedicated to evaluate signal quality of the sensors in
various driving scenes and conditions, and improve signal collection. Since the sensors
developed in the study have evaluated only with a subject and a single type of car in a
short driving test course. The signal quality diverse by body figures, type of a car, and
road conditions, so that it is essential to give additional evaluation for these factors.
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6

Discussion

The study developed a drowsy driving prevention system as the illustration
shown in the Figure 1. Each element, the alerting stimuli and bio-signal sensors were
carefully developed in order to suffice the requirement stated in the Chapter 1. The
alerting stimuli were developed by conducting the feasibility study in cooperation with
the total of 32 subjects. Then the effect of the stimuli was evaluated with 15 subjects
while simulated driving. The investigation revealed that inducing CRPS effectively
reduced drowsiness by using tactile stimuli from the driver’s seat with the rhythm of
driver’s heartbeats without any instructions. The heartbeat collection is done by
developed capacitive ECG sensor, which is non-invasive metric with less affection of
motion artifacts, engine and road vibrations. The capacitive ECG sensor enables to
detect heartbeats through clothing just sitting on a seat, and the wearable pulse
oximeters backup the signal losses to ensure high data collection. The idea of
compensating the disadvantage of the capacitive electrodes by using eyeglasses-type
and earphone-type pulse oximeters are unique, which never tried in the literature.
The comprehensive system that contains these sensing and alerting feedback based on
biological information is an innovative challenge, and is prospective to contribute to
reduce drowsy-related accident and enhances safe driving.
Even though, these developed elements are verified technically feasible, the
system has not reached to the practical level yet. A lot of problems are remained,
which need to be solved. The investigation of exposing site and strength for the
alerting stimuli is not conducted enough. Since various vibrations get on to the
driver’s seat, there is a potential that a driver cannot perceive the timing of the
cardiac systole indicated by the tactile stimuli during an actual car drive. In addition,
the alerting stimuli are not tested in an actual drowsiness state on a public road.
Moreover, the age band of the subjects in the study is limited to twenties, so that it
is essential to confirm the efficiency of the stimuli for middle age or older generations.
The signal quality of the bio-signal sensors also needs to be improved further. An
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actual car-drive test is essential to investigate patterns of noises and signal losses in
various road conditions.

Then appropriate solutions need to be conducted to the

problems extracted by the investigation. On top of that, careful investigation is
required to quantify efficiency of the signal loss compensation by the wearable pulse
oximeters. The protocol of integrating the bio-signal sensors needs to be designed
based on the investigations. After these additional investigations, evaluation of whole
integrated system is needed. The system requires a test in a real drowsy driving
situation in order to verify whether it works appropriate way or not. It has a potential
that there might cause unexpected result in the real driving scenes. The relations
between the alerting stimuli and the bio-signal sensors might get malfunctioned in
some cases such as bad road conditions or driver’s thick clothes, or a driver’s peculiar
physiological conditions such as fatigue, sickness, or extreme body figures. However, it
requires a vast amount of cost and facilities for the evaluation. Since it is unsafe and
not ethical to induce drowsiness in the public driving scenes, high precision driving
simulator or driving test course is essential. It cannot be conducted without the huge
funds and abundant test environment. Therefore, this kind of evaluation can be
conducted only upon automobile manufactures or major institutions.
There is one realistic idea that does not require the enormous cost for evaluations
and improvements of the system. It can be done by using the developed bio-signal
sensors and collects the data through smartphones or smart watches released recently.
Many of smartphones nowadays equipped GPS, large memory storage, and high-speed
processor that enable to record driving route, speed, traffic situations, and calculate
bio-signal parameters in real time. It also enables to take the references of driver’s
condition by visual or audio guide. If all of these data are constantly collected from
variety of drivers with a large amount, it brings abundant clues for drowsiness
prevention. It might help to detect when or where does the sensors or the alerting
stimuli get malfunctioned, and how it can be prevented.
The other topic for the further study is a development of drowsiness detection.
Since the conventional sensors had been playing a bottleneck for bio-signal acquisition,
video capturing or driving characteristics were used for drowsiness detection. The
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study found that it is feasible to collect bio-signals while driving. It might also
contribute to find drowsiness patterns, which had never got attention. Since the
capacitive ECG sensor enables of collect ECG and respiration, and the wearable pulse
oximeters collect SpO2 as well, CRPS and SpO2 can be monitored at whole driving
moments by using these signals. Therefore, it contributes to improve the efficiency of
the alerting stimuli because the stimuli can be triggered at an appropriate timing.
The future study will be also give a focus to create a method that realizes the data
collection and improve the system designed in this study.
In addition to indicate the further studies, it is important to address that where
this field of study heading to in the ultimate. In general, it is said the final destination
of studies that assist distract drivers to avoid dangerous situations are facing toward
the car to become autonomous control that could potentially take the steer away from
the driver. The NHTSA defined five different levels of autonomous vehicles that will
lead to fully self-driven car [194]. The level starts from 0 where the driver is in
complete control of the vehicle, and the scale goes up to level 4, which the vehicle
control is totally automated. Several companies such as Audi [195], BMW [196],
Google [197], Mercedes [198], and Toyota [199] have been already attempting to create
autonomous vehicles correspond to level 3 in the next half-decade and improve the
technologies to go forward reaching to the final level. However, the system developed
in this study is not directly facing towards the current streams. It is a system that
prevents drowsy drivers with automated configurations, but it is underlying the
concept of remaining the control of the car in the hands of the drivers. Needless to say,
the autonomous vehicles will bring us many expectations such as vehicle safety, road
efficiency, reduce cost of congestion, energy use and fuel emissions. However, aiming
towards to the full automation does not seem feasible according to the technological
and ethical limitations. In addition to this, since the idea of automating vehicles
means to get rid of the “pleasure” of driving, it does not create good relations with
drivers. Besides, the system developed in the study underlying the concept that the
control of the car would rather be remained in the hands of the drivers. The concept of
using driver’s biological information especially that the human heart links to the
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machine, and realizing safeness is a metaphor of the idea that the manipulation
remains to the human, and realizes to have a great affinity between machines and
humans. The study approached the driving safeness from a new angle.
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Chapter 6

7

Conclusion

The study attempted to develop alerting stimuli that reduce driver’s drowsiness
physiologically by focusing on recovering de-oxygenation. The study found out from
the experimental investigations that it is possible to induce CRPS, which enhances the
oxygen intake of the body, by the vibratory stimuli coordinated with a driver’s
heartbeat from a car seat. It successfully reduces drowsiness and verified it is feasible
for practical uses. The heartbeats used for the stimuli are collected from the developed
bio-signal sensors: the capacitive ECG sensor and the wearable pulse oximeters. The
sensors are non-invasive metric that continuously monitors heartbeats through
clothing while driving. Although additional investigations are required, it is also
feasible for practical uses.
Novel features of the system are: 1) Alerting feedback reduces driver’s drowsiness
physiologically by focusing on enriching the oxygen in the body effectively and
constantly by using CRPS. 2) The idea of using CRPS for reducing drowsiness is
unique, which never attempted in the literature. 3) Since the feedback indicator uses
the driver’s own heartbeats, it realizes to have a great affinity to the stimuli. 4) The
stimuli are created by ECG collected from the capacitive electrodes, which enables to
monitor cardiorespiratory function through clothing just sitting of a seat, and backup
metrics, wearable pulse oximeters, are proposed in order to compensate the signal
losses to ensure high data collection. The developed system is prospective to contribute
to reduce drowsy-related accident and enhances safe driving.
As the further studies, additional investigations and development of the system,
those of which are indicated in the Chapter 5, will be conducted. The study continues
until the system gets onboard of a commercial car and contributes to safe drive.
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