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Abstract Air travel has become the preferred mode of
long-distance transportation for most of the world’s trav-
elers. People of every age group and health status are
traveling by airplane and thus the airplane has become part
of our environment, in which people with health-related
limitations need assistive support. Since the main interac-
tion point between a passenger and the airplane is the seat,
this work presents a smart airplane seat for measuring
health-related signals of a passenger. We describe the
design, implementation and testing of a multimodal sensor
system integrated into the seat. The presented system is
able to measure physiological signals, such as electrocar-
diogram, electrodermal activity, skin temperature, and
respiration. We show how the design of the smart seat
system is influenced by the trade-off between comfort and
signal quality, i.e. incorporating unobtrusive sensors and
dealing with erroneous signals. Artifact detection through
sensor fusion is presented and the working principle is
shown with a feasibility study, in which normal passenger
activities were performed. Based on the presented method,
we are able to identify signal regions in which the accu-
racies for detecting the heart- and respiration-rate are 88
and 82%, respectively, compared to 40 and 76% without
any artifact removal.
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1 Introduction

Air travel has become the preferred mode of long-distance
transportation. Approximately, 1.5-2 billion passengers
travel by civil airlines each year, and this number is
expected to double in the next two decades as larger air-
craft and more routes come on line [1]. Taking the
demographic trend of an aging population into consider-
ation, the likelihood of an older passenger population
increases and thus the airplane will soon be part of our
environment in which people may need assistive support
[1-3].

The European SEAT-project (http://www.seat-project.
org) addresses this issue by extending existing airplane
seats with new technologies in order to assess and to
improve the comfort of the passengers. The seat is chosen
because it is the main interaction point of a passenger with
the airplane. Besides the health monitoring for elderly
people, the project tries to provide robust and reliable
indicators for the well-being (e.g. stress or fear of flight) of
a flight passenger. This offers the opportunity for a more
appropriate support by the stewardess or for personalized
feedback implemented in the entertainment system [4]. A
first step in this direction is the reliable recording of the
relevant physiological signals. Therefore, a hardware setup
is proposed that records the Electrocardiogram (ECG), the
Electrodermal Activity (EDA), the respiration and the skin
temperature of a person sitting in an airplane seat. To
achieve the acceptance and hence the use of the system, the
sensors need to be attached in a non-obtrusive way or even
be totally integrated into the seat. Thus, common body
worn systems (e.g. with electrodes attached to the chest)
are not feasible in this context. However, a comfort-opti-
mized sensor placement limits the signal quality. Like in
every system for personal healthcare settings, motion
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artifacts are a common issue [5, 6]. Therefore, the decrease
of signal quality due to movement artifacts was taken into
account throughout the whole design of the system and a
suitable method for artifact detection was developed.

The article is structured as follows: Sect. 2 gives a brief
overview about existing work addressing physiological
monitoring in a seat environment. Afterwards, relevant
work in the field of artifact detection for real-life applica-
tions is presented. Section 3 presents the developed phys-
iological measurement system, that is unobtrusively
integrated into an airplane seat. Beside the physiological
sensors, the system incorporates additional sensors in order
to perform an automatic artifact detection through direct
sensor fusion. The method used for the automatic artifact
spotting and the validation of this approach is presented in
Sect. 4. To evaluate this concept, Sect. 5 shows the results
of a small experiment as a proof of concept. Different
physiological signals were measured during a representa-
tive set of airplane passenger activities. In addition to the
seat integrated sensors, a body worn system was used to
obtain a ground truth measurement of the physiological
signals. This measurement enabled the calculation of a
Quality Index in order to quantify the performance of our
artifact detection method. Sect. 6 discusses the overall
work and proposes further steps.

2 Related work
2.1 Physiological monitoring in a seat environment

We present two examples exploiting a seat environment for
automatic prediction of stress and frustration respectively.
Healey et al. [7] showed the possibility to detect stress
during real-world driving tasks using physiological sensors.
Their analysis revealed that for most of the drivers studied,
the EDA and ECG were most closely correlated with driver
stress level. Not a car seat but an office seat was used by
Kapoor et al. [8] in order to predict frustration during
learning processes. As sensor modalities, they used a
camera, a pressure-sensitive mouse, an EDA sensor, and a
pressure-sensitive chair. With these sensors, they achieved
an automatic prediction of frustration with 79% accuracy.

Concerning the integration of physiological monitoring
in a seat, the contactless measurement of the heart activity
represents a promising approach. Three different research
activities in this direction could be identified. Lim et al.
and Steffen et al. both designed a system for measuring the
ECG of a sitting person capacitively [9, 10]. Another
method is shown by Zakrezwski et al. [11] and Suzuki
et al. [12]. They present the possibility of detecting the
heart rate using a radar system. A further approach is
proposed by Junnila et al. [13]. They use sensors of
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electromechanical film (EMFi) integrated into a seat pan.
The heart rate measurement with this sensor is based on
ballistocardiography (BCG), that measures the recoil that
spreads through the body as a result of a heartbeat [14]. All
three measurement principles are not only unobtrusive but
also sensitive to artifacts evoked through movements.

2.2 Dealing with artifacts

The conflict to reach good signal quality while enabling
acceptable comfort levels for the user is highlighted by
Such et al. in [6]. The authors point out that an indication
of the signal confidence would often be preferred over an
automatic compensation algorithm. The automatic com-
pensation can lead to plausible but incorrect features and,
therefore, to a false sense of safety. Concerning automatic
artifact detection, two different approaches are distin-
guished. The single parameter approach only uses the
characteristics of the corrupted sensor signal itself to detect
the artifacts while the multiparameter approach uses
additional sensor channels to identify these artifacts. An
example of the single parameter approach is given by Such
et al. [5]. They present an algorithm that segments the
signal into “artifact-free” intervals before performing a
signal analysis. An example for an artifact compensation
based on the multiparameter approach is presented in dif-
ferent publications [15-17]. The authors use a MEMS
accelerometer to recover signals of a photoplethysmograph
sensor corrupted by body motion. All three research
activities focus on a wearable photoplethysmograph sensor.
In [18], the authors show the effect of movements on the
electrodermal response. In accordance to [6], they suggest
to measure the signal confidence in order to describe the
artifacts.

3 Sensor system in an airplane seat

In order to detect the well-being of a passenger, both the
mental and the health state have to be addressed. The ECG,
EDA, respiration and skin temperature have proven to
provide important features concerning these two states
[7, 19-22]. Therefore, these signals are chosen to be
monitored in this work. When measuring these signals
unobtrusively in a “real-life scenario” we face the trade off
between sensor placement and signal quality. Conventional
sensors and measurement locations, such as wet electrodes
at the chest for cardiovascular monitoring, are not feasible
due to the lack of acceptance by the passengers. Therefore,
we integrated all sensors unobtrusively into an airplane seat
(see Fig. 1). Because of the non-optimal measurement
locations and the non-controllable environment, a main
concern of the system design was to make sure that signal
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Fig. 1 Airplane seat with integrated unobtrusive sensors

disturbances can be detected. Thus, additional sensors for
measuring the movements of the fingers and the contact
pressure at the back rest were integrated into the setup (see
Fig. 1). These additional sensors, referred to as artifact
sensors, are able to indicate movement patterns that pro-
voke artifacts, which influence the signal quality of the
physiological signals.

Besides the comfort, the spatial requirement of the
sensors was an important aspect throughout the develop-
ment of the measurement setup. Therefore, the sensors
were designed so that the natural environment of the air-
plane seat is exploited and no additional space is required.
Regarding the required computational power for the data
acquisition the overall system is designed in such a way
that the computation can be performed by the in-flight
entertainment system (1 GHz CPU, 500 MB RAM). Such
a state-of-the-art system is installed in the airplane seats
targeted at the SEAT project (http://www.thales-ifs.com).

This section briefly introduces the measurement con-
cepts for the physiological signals and the above mentioned
artifact sensors. It concludes with an exemplary presenta-
tion of the recorded signals.

3.1 Measuring physiological signals

For the ECG measurement, two different systems were
integrated into the seat. They provide a different level of
comfort and hence the expected signal quality also differs.
One system, referred to as “Contactless-ECG”, is a research
prototype developed by the RWTH Aachen [10, 23].
It measures the ECG capacitively without direct skin contact.
We integrated it into the backrest of the airplane seat and
connected it to the overall setup by a self-developed analog/
digital conversion board. As this ECG system is unobtru-
sively integrated into the seat, it does not disturb the user, but

Accelerometer

4

Skin Temperature

/ Sensor

—

Dry Electrode

2.5cm

2.5cm

Fig. 2 Finger-Strip with dry electrode, skin temperature sensor and
accelerometer

it is sensitive to body movements and is only capable of
measuring the ECG while the passenger is leaning back.

The other ECG system, referred to as “Finger-ECG”,
measures the ECG at the index finger of both hands. The
system uses dry electrodes that are fixed to the fingers with
small strips as indicated in Fig. 2. The electrodes can easily
and comfortably be attached and detached from the fingers
and therefore provide a higher user comfort compared to
wet electrodes attached to the chest. Due to the direct skin
contact, this system is more obtrusive than the “Contact-
less-ECG” but also more reliable.

Similar to the Finger-ECG, the measurement of the
EDA needs direct skin contact. The EDA is recorded by
measuring the conductivity of the skin. As proposed in the
literature, the medial and distal phalanges of the index and
middle fingers are taken as the measurement position for
the EDA [24]. The implemented measurement principle is
referred to as an exosomatic quasi constant voltage method
[25]. Hereby, a constant voltage (500 mV) is applied to the
electrode at the index finger, leading to a current flowing
through the skin to the other electrode. This current is
measured and thereby the skin conductance can be
assessed.

In order to reduce the number of electrodes and thus
increase the comfort while using both the Finger-ECG and
the EDA measurement, a novel concept for combining the
measurement of the EDA and ECG at the fingers was
developed. The electrode at the index finger of the left hand
is used for both measurements, ECG and EDA, and thus
the amount of electrodes decreases from four to three (see
Fig. 3). This raised the need of special design consider-
ations for the ECG measurement, in order to handle the
high offset voltage at the left index finger, caused by the
EDA measurement.

For the measurement of the respiration, a special char-
acteristic of the airplane seat, the safety belt, is exploited.
In contrast to common methods with a belt around the
chest, the respiration sensor is directly integrated into the
safety belt of the airplane seat (see Fig. 4). A strain
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EDA-Measurement  Finger-ECG

A

Fig. 3 Electrode placement at the finger for measuring ECG, EDA
and skin temperature

sensitive resistor [26] measures the mechanical expansion
of the seat belt around the waist. As the inhalation and
exhalation yield a deformation of the waist, the respiration
is directly correlated with the expansion of the seat belt.

As a skin temperature sensor, the commercially avail-
able TSic™-506F was chosen. Due to the small size
(Smm x 5Smm x 1mm) of the sensor, it can be fixed beside
the left electrode of the EDA measurement and does
therefore not further decrease the perceived comfort (see
Fig. 2). As this sensor is not sensitive to movement arti-
facts, it is not further evaluated in this work.

3.2 Measuring artifact signals

Movements of the fingers and the hands, respectively,
evoke artifacts on the EDA and the ECG signals measured
at the fingers. Main reasons are the shifting of the elec-
trodes and the stretching of the skin beneath the electrodes.
To spot these finger movements, the finger stripes for both
index fingers are equipped with 3-axis accelerometers (see
Fig. 2). The detection of artifacts evoked by movements

Strain Sensor
for Respiration-
Measurement

Fig. 4 Safety belt with integrated textile strain sensor for respiration
measurement
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can be achieved by an overall indication of the finger
movements. Therefore, the three dimensions of both
accelerometers were combined to a single artifact signal,
referred to as FingerMovement. It is calculated by the
following formula

FingerMovement = Z ZAccnd,
d

n

with n being the index for the left and right sensor and d
being the index for the three dimensions x, y, and z.

For the Contactless-ECG and the respiration signals,
contact pressure at the back rest and general movements of
the upper part of the body lead to artifacts. Therefore, four
pressure sensors were integrated behind the electrodes of
the Contactless-ECG system, one at the top and one at the
bottom of each electrode. The Contactless-ECG system
only delivers good signal quality if a good and constant
contact pressure exists between the upper part of the body
and the back of the seat [23]. As this information can be
extracted from the pressure sensors, they are supposed to
deliver meaningful information about the signal quality of
the Contactless-ECG. For the respiration signal, the pres-
sure sensors also deliver artifact information as they can
indicate a leaning forward or backward of a person sitting
in the seat. Such movements change the stretching of the
respiration sensor without being related to inhalation or
exhalation processes. Similar to the combined Finger-
Movement signal, the four pressure signals are combined to
one signal, the ContactPressure

ContactPressure = Z Z Py,
n i

with n being the index for the left and right sensor and i
being the index for the upper and lower sensor.

3.3 Signal examples

In Fig. 5, an example of the Finger-ECG signal and the
corresponding artifact signal (FingerMovement) is shown.
The example shows the correlation between the Finger-
Movement signal and the signal quality of the ECG.
Regions of low movement deliver a good signal quality,
whereas in the regions of high finger movement, the signal
is clearly corrupted and cannot be used to extract ECG
features such as the QRS-complexes.

In the same way, Fig. 6 shows an extraction of the signal
recorded by the Contactless-ECG and the ContactPressure
signal. It can be seen that the fast change in the Contact-
Pressure due to movements of the upper body yields a
temporary disturbance of the ECG signal, which renders a
detection of the QRS complexes impossible.

The signal recorded by the respiration sensor is depicted
in Fig. 7. The periodic peaks reflect the expansion of the
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Fig. 5 Example of movement artifacts influencing the Finger-ECG
signal

’-\ ﬂ | FW wComactless—ECG
|
I

Contact Pressure
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380 385 390 395 400 405 410 415 420
Time in seconds

Fig. 6 Example of movement artifacts influencing the Contactless-
ECG signal

seat belt due to inhalation and exhalation. It can be seen
that the ContactPressure signal indicates significant dis-
turbances which have to be addressed, when using the
respiration signal for physiological monitoring.

A strong artifact on the EDA signal can be seen in
Fig. 8. As the EDA is measured at the left hand, only the
sum of the three axes of the left accelerometer are used as
artifact signal. The movements of the fingers corrupt the
signal such that no analysis based on the EDA can be done
for this region. We have already shown a systematic
analysis of the effect of movements on the EDA in [18].
Therefore, the further evaluation focuses on both ECG and
the respiration signals.

350 360 370 380 390 400 410 420 430
Time in seconds

Fig. 7 Example of movement artifacts influencing the respiration
signal

AJ‘ Left Finger Movement

Region of
Artifacts

80 100 120 140 160 180 200 220
Time in seconds

Fig. 8 Example of movement artifacts occurring on the EDA signal

4 Signal appraisal through sensor fusion

Artifacts can lead to erroneous features extracted from a
signal and thereby lead to a wrong interpretation of the
signal. The most important step when dealing with signals
disturbed by artifacts is the detection of those artifacts. The
introduced system offers the possibility to detect artifacts
with a multiparameter approach. Fig. 9 depicts the working
principle of the senor fusion. The artifact sensors are used
to spot regions of artifacts and remove the features
extracted in these regions. In terms of computational
complexity this kind of direct sensor fusion can be per-
formed by the in-flight entertainment system.

As can be seen exemplarily in Fig. 10, fast movements
of the fingers evoke artifacts on the Finger-ECG. For an
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Artifact Signal Physiological Signal

Feature Extraction:
e.g. R-Peaks

Feature Extraction:
e.g. FingerMovement,

ContactPressure, ... Inhalation-Peaks, ...
- | Artifact Removal
Identified Regions
of Artifacts

Regions with Features
of High Quality

Fig. 9 Artifact removal through sensor fusion

Finger-ECG

Finger Movement

Y

Thre&A

Regon 6 At Extracted Signal out of Finger Movement

100 105 110 115 120 125 130 135 140 145 150
Time in seconds

Fig. 10 Artifact feature extracted from the FingerMovement signal

automatic spotting of these regions, appropriate features
have to be calculated from the artifact signals. For the
Finger-ECG, the derivative of the lowpassed filtered Fin-
gerMovement signal is chosen as artifact feature (see
Fig. 10).

The derivate indicates the incline in the finger acceler-
ation and when it exceeds a certain threshold, the temporal
period contains high finger movements. This area is going
to be marked as corrupted by artifacts.

For the artifact detection on the Contactless-ECG signal,
the contact pressure between the body and the backrest is
of high importance (see Fig. 6). If no contact or fast
changes due to movements of the upper body signal are
detected, the signal is marked as corrupted. Similar to the
FingerMovement, the derivative of the lowpassed filtered
ContactPressure signal is calculated as an indicator for
those fast changes.

@ Springer

For the respiration signal, body movements resulting in
fast changes in the ContactPressure are expected to evoke
artifacts (see Fig. 7). Therefore, the respiration signal is
marked as artifact-affected when fast changes in the Con-
tactPressure are detected. In the same way as for the
Contactless-ECG, the fast changes are indicated by the
derivative of the lowpass filtered ContactPressure signal.

In order to increase the stability of the artifact detection,
two post processing steps were performed. On the one
hand, artifact regions that are separated by small non-
artifact spots were merged together and on the other hand
single isolated artifact spots were discarded and not taken
into consideration for further purposes.

4.1 Definition of a quality index

As indicated by Such et al. [6], the compensation of arti-
facts by, e.g. adaptive filters or decorrelation methods can
lead to a false sense of safety and has to be done carefully.
Hence, instead of compensation, we propose the removal
of the affected signal parts. To validate this approach, we
define a Quality Index (QI) that describes the correctness of
characteristic features extracted from the ECG and respi-
ration signals. The calculation of the QI is based on the
ANSI/AAMI Norm [27]. The norm defines the appraisal of
the quality of a peak detection algorithm. We adopted this
procedure to our purposes and analogously appraise our
signals based on the ability to identify characteristic fea-
tures. We therefore compare a characteristic feature
extracted from the signal to be observed with the same
feature extracted from a simultaneously recorded ground
truth signal. When comparing the QI of the entire signal to
be observed, with the QI of the parts marked as artifact
free, the difference indicates the ability to detect regions
destroyed by artifacts.

From the ECG, the R-peaks are taken as feature to
calculate the QI. For the extraction of this feature, an
algorithm proposed by Hamilton and Tompkins [28] is
used. For the respiration signal, the peak evoked by the
inhalation is the characteristic feature for the QI. These
inhalation peaks are detected with a peak detection algo-
rithm proposed by [29].

Figure 11 shows exemplarily with an artificial ECG
signal how the feature comparison for the calculation of the
QI is done. The QI of the depicted ECG signal shall be
evaluated.

The stars in the boxes at the bottom indicate the time-
stamps where R-peaks were detected in the ground truth
signal. Correct hits (True Positives), a missing peak (False
Negative) and an erroneously detected nonevent (False
Positive) are shown. According to the ANSI/AAMI Norm,
the interval X in which a peak is still counted as a True
Positive is chosen to be 150 ms. More than one peak inside
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Error Error
(False Negative)  (False Positive)

ECG-signal to
be evaluate*d

Ground
Truth:

Fig. 11 Example showing the calculation of the Quality Index. Eight
out of ten peaks were correctly identified, therefore the QI for this
signal part results in % = 80%

the interval X or a peak outside the interval results in a
False Positive. Both kind of errors, False Negatives and
False Positives, are false detected R-peaks and therefore
both count as false R-peak. The Quality Index for the ECG
signals is chosen to be the ratio of correctly detected R-
peaks divided by the total amount of R-peaks detected in
the ground truth signal. For the example shown in Fig. 11,
8 out of 10 peaks were correctly identified, therefore the
described procedure results in a QI of 80%.

For the respiration, the Quality Index is calculated
analogously with respect to the detected respiration cycles.
Since a lower temporal resolution is sufficient for the res-
piration, the interval X was chosen to be half the distance of
two consecutive ground truth events in both directions.

5 Proof of concept

This section shows the results of a feasibility study with the
developed sensors and implemented artifact detection
algorithms. A small experiment with a person performing
typical passenger activities was conducted. During these
activities, all the described signals were measured and the
Quality Index before and after the artifact removal was cal-
culated. For every activity, the difference in the QI indicates
the performance of the artifact removal. In order to calculate
the QI, the commercial Mobi device (http://www.tmsi.com)
was used to measure the ground truth for the ECG and the
respiration. It measures the ECG with wet electrodes
attached to the chest and the respiration with a belt directly
attached to the upper part of the chest. In addition to the QI,

Working:

Reading:

Table 1 Temporal distribution of passengers activities during a long
term flight

Entertainment ~ Working Reading Sleeping Eating  Other

24% 8% 16% 37% 12% 3%

the amount of remaining data after the artifact removal was
calculated.

5.1 Experiment description

Since this works targets an airplane environment, typical
passenger activities such as being entertained, working,
reading, sleeping and eating were addressed, as depicted in
Fig. 12. The choice of activities was based on the statistical
distribution of passengers’ activities during a long term
flight, as shown in Table 1 [30]. One subject was sitting in
the airplane seat performing each activity for 10 min. This
resulted in a total of 50 min of data. During the activity
“Entertainment”, the subject watched a relaxing movie on
a laptop placed on the front-table. For the activity
“Working”, the subject had to perform normal office tasks,
like writing a text and editing a table. For the next activity
“Reading”, the subject was reading a journal and during
“Sleeping” the subject was asked to lean back, close the
eyes and relax. During the last activity “Eating”, the
subject ate a piece of cake and drunk some juice. For
the evaluation of the results, the activities are divided into
two classes, the active class consisting of “Working”,
“Reading” and “Eating” and the calm class consisting of
“Entertainment” and “Sleeping”.

5.2 Results for the Contactless-ECG

The results for the Contactless-ECG are depicted in
Table 2. The Quality Index of the calm class (Entertain-
ment: 71% and Sleeping: 63%) differs substantially from
the more active class (Working: 16%, Reading: 32% and
Eating: 17%). These results reflect the constraint of the
system: the ECG can only be measured when sitting with
constant back contact. The fact that the QI, before artifact
removal, for the activities “Working” and “Eating” still

Eating:

Sleeping:

Fig. 12 Typical passenger activities during a long term flight

@ Springer


http://www.tmsi.com

548

Pers Ubiquit Comput (2010) 14:541-550

Table 2 Contactless-ECG results

Entertainment (%) Working (%) Reading (%) Sleeping (%) Eating (%)
QI before Remov. 71 16 32 63 17
QI after Remov. 88 0 47 97 0
Rem. Signal Length 38 0 7 35 0

Table 3 Finger-ECG Results

Entertainment (%)

Working (%)

Reading (%) Sleeping (%) Eating (%)

QI before Remov. 83 90
QI after Remov. 89 94
Rem. Signal Length 65 42

68 92 42
73 95 31
38 79 4

exceeds 15%, can be explained by the nature of the R-peak
detection algorithm, that also extracts features in pure noise
data. This leads to randomly correct hits even though the
signal was totally disturbed by artifacts. When analyzing
the results achieved after the artifact removal, it can be
seen that the signal for these activities is almost totally
discarded. For the activity “Entertainment” and “Sleep-
ing”, also a high percentage of the signal (approx. 60%) is
eliminated. However, for the remaining signal, the QI
raises by 23 and 53%, respectively. Taking all the activities
together, almost 84% of the data are removed, but the mean
QI for the remaining data increased from 40 to 88%

5.3 Results for the Finger-ECG

Table 3 shows the results for the Finger-ECG. It can be
seen, that except for the activity “Eating” the QI increases
due to the artifact removal. During eating, a high amount of
finger movement was detected and almost the whole signal
was discarded. The resulting QI for this activity is thus not
reliable. For the calm classes, less than 50% of the signal is
discarded and an overall high QI is achieved. The unex-
pected high QI for the activity “Working” is probably
related to the relatively constant hand position with only
short finger movements for typing on the keyboard. Con-
sidering the mean value of all activities, the QI increased
from 75 to 88%.

5.4 Results for the respiration

In Table 4, the results for the respiration signal are
depicted. For every activity, the artifact removal led to an
increase in the Quality Index. Analyzing the results for the
respiration signal shows that about 32% of the data was
removed but an increase of the QI from 76 to 82% was
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achieved. Furthermore, the results show no general pattern,
neither for the active classes nor for the calm ones. There
exists a general decrease of the QI during the experiment.
This decrease can probably be explained by a loosening of
the saftey belt during the course of the experiment which
led to a decrease in the signal quality.

6 Discussion

We identified the airplane as part of our environment in
which assistive support would be appreciated. To address
this issue, we have incorporated sensor technology into an
airplane seat with the goal to unobtrusively measure phys-
iological signals in order to enable the modelling of the
well-being of a passenger. The trade-off between comfort
and signal quality was identified to be an important issue for
every system supporting persons in their daily life envi-
ronment. Therefore, a sensor fusion of physiological sen-
sors with artifact sensors for an automatic detection of
artifacts for physiological signals was introduced. For val-
idation purposes, we proposed a Quality Index that
appraises the signal of interest based on a ground truth
signal. In a feasibility study, we recorded the signals
delivered from the smart airplane seat during typical pas-
senger activities of a long term flight. During this study, we
compared two different ECG measurement systems: the
Contactless-ECG and the Finger-ECG. The Contactless-
ECG is completely unobtrusive at the expense of signal
quality, while the Finger-ECG is less prone to artifacts but
more obtrusive. For all activities, an initial mean Quality
Index of 40% was achieved by the Contactless-ECG,
whereas the Finger-ECG reached 75%. These numbers
show the importance of using artifact detection algorithms
in real-life settings. By performing the described artifact
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Table 4 Respiration Results

Entertainment (%) Working (%) Reading (%) Sleeping (%) Eating (%)
QI before Remov. 89 90 75 68 60
QI after Remov. 90 91 77 70 70
Rem. Signal Length 75 99 54 79 37
removal based on sensor fusion, we identified signal regions ~ References

in which both ECG systems achieved a Quality Index of
88%. Taking the remaining signal length into account, the
Finger-ECG clearly outperforms the Contactless-ECG:
84% of the data was discarded for the Contactless-ECG
while only 55% was removed for the Finger-ECG. How-
ever, it is worth stating that not all activities occur with the
same frequency during a long term flight. According to
Table 1 in Sect. 5, passengers are calm (i.e. sleeping or
being entertained) during more than 60% of the flight
duration. If the remaining signal length found in our study is
scaled up to a 12 h flight, 2.8 h of the Contactless-ECG data
and 6.8h of the Finger-ECG data is expected to be almost
artifact free and useful for analysis.

Regarding the respiration, the results show that the
respiration measurement is not as sensitive to artifacts as
the ECG measurement. When upscaling the results for the
respiration, a total amount of 8.5 h of good quality for the
respiration signal can be expected during a long-term flight.

7 Outlook

As a possible alternative to the Finger-ECG the integration
of the electrodes into thrombosis socks could be evaluated.
In a feasibility study, we integrated the sensors into
thrombosis socks and we were able to measure both the
ECG and the EDA. This electrode placement is expected to
be less obtrusive to the passenger as no wired connection at
the hands would be needed. Even though the signal to noise
ratio of the ECG measured at the feet is supposed to be
smaller than measured at the finger, this electrode place-
ment may suffer less from movement artifacts and lead
therefore to an overall good QL.

A further step towards the goal of the SEAT-project is
the implementation of a human interaction loop: if a low
QI is measured over a long time period, the passenger
could be asked to adopt a posture which enables a mea-
surement with a high signal quality.

Acknowledgments This project is funded by the EU research pro-
ject SEAT (http://www.seat-project.org), contract number: 030958,
all views here reflect the author’s opinion and not that of the com-
mission. The authors would like to thank Urs Egger who supported
the technical part of this project.

10.

11.

12.

13.

14.

15.

. Smith LN (2008) An otolaryngologist’s experience with in-flight

commercial airline medical emergencies: three case reports and
literature review. Am J Otolaryngol Head Neck Med Surg
29(5):346-351

. Drummond R, Drummond AJ (2002) On a wing and a prayer:

medical emergencies on board commercial aircraft. Can J Emerg
Med 4(4):276-280

. Goodwin T (2000) In-flight medical emergencies: an overview.

Br Med J 321(7272):1338-1341

. Liu H, Salem B, Rauterberg M (2008) Adaptive user preference

modeling and its application to in-flight entertainment. In: Pro-
ceedings of the 3rd international conference on digital interactive
media in entertainment and arts. ACM, New York, pp 289-294

. Such O, Muehlsteff J, Pinter R, Aubert X, Falck T, Elixmann M

et al (2006) On-body sensors for personal healthcare. Advances
in Healthcare Technology, pp 463—488

. Such O, Muehlsteff J (2006) The challenge of motion artifact

suppression in wearable monitoring solutions. 3rd IEEE/EMBS
international summer school on medical devices and biosensors,
pp 49-52

. Healey J, Picard R (2005) Detecting stress during real-world

driving tasks using physiological sensors. IEEE Trans Intell
Transp Syst 6(2):156-166

. Kapoor A, Burleson W, Picard RW (2007) Automatic prediction

of frustration. Int J Human Comp Stud 65(8):724-736

. Lim YG, Kim KK, Park S (2006) ECG measurement on a

chair without conductive contact. IEEE Trans Biomed Eng
53(5):956-959

Steffen M, Aleksandrowicz A, Leonhardt S (2007) Mobile non-
contact monitoring of heart and lung activity. IEEE Trans Bio-
med Circ Syst 1(4):250-257

Zakrzewski M, Kolinummi A, Vanhala J (2006) Contactless and
unobtrusive measurement of heart rate in home environment. In:
Engineering in Medicine and Biology Society, 2006. EMBS’06.
28th annual international conference of the IEEE, pp 2060-2063
Suzuki S, Matsui T, Imuta H, Uenoyama M, Yura H, Ishihara M
et al (2008) A novel autonomic activation measurement method
for stress monitoring: non-contact measurement of heart rate
variability using a compact microwave radar. Med Biol Eng
Comput Med Biol Eng Comput 46(7):709-714

Junnila S, Akhbardeh A, Varri A, Koivistoinen T (2005) An
EMFi-film sensor based ballistocardiographic chair: performance
and cycle extraction method. In: IEEE workshop on signal pro-
cessing systems design and implementation, pp 373-377
Anttonen J, Surakka V (2005) Emotions and heart rate while
sitting on a chair. In: Conference on human factors in computing
systems: proceedings of the SIGCHI conference on human fac-
tors in computing systems, vol 2, pp 491-499

Gibbs P, Asada H (2005) Reducing motion artifact in wearable
bio-sensors using MEMS accelerometers for active noise can-
cellation. In: Proceedings of the 2005 American control confer-
ence, pp 1581-1586

@ Springer


http://www.seat-project.org

550

Pers Ubiquit Comput (2010) 14:541-550

16.

18.

19.

20.

21.

22.

Han H, Kim MJ, Kim J (2007) Development of real-time motion
artifact reduction algorithm for a wearable photoplethysmogra-
phy. In: Engineering in Medicine and Biology Society, 2007.
EMBS 2007. 29th annual international conference of the IEEE,
pp 1538-1541

. Asada H, Jiang HH, Gibbs P (2004) Active noise cancellation

using MEMS accelerometers for motion-tolerant wearable bio-
sensors, vol 1

Schumm J, Béchlin M, Setz C, Arnrich B, Roggen D, Troster G
(2008) Effect of movements on the electrodermal response after a
startle event. Methods Inform Med 47(3):186

Zhai J, Barreto A (2006) Stress detection in computer users based
on digital signal processing of noninvasive physiological vari-
ables. In: Engineering in Medicine and Biology Society, 2006.
EMBS’06. 28th annual international conference of the IEEE
Crosby ME, Auernheimer B, Aschwanden C, Ikehara C (2001)
Physiological data feedback for application in distance education.
In: Proceedings of the 2001 workshop on perceptive user inter-
faces. ACM, New York, pp 1-5

Picard RW, Vyzas E, Healey J (2001) Toward machine emotional
intelligence: analysis of affective physiological state. In: Pro-
ceedings of IEEE Transactions on pattern analysis and machine
intelligence, pp 1175-1191

Chan M, Esteve D, Escriba C, Campo E (2008) A review of smart
homes—present state and future challenges. Comp Methods Prog
Biomed 91(1):55-81

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

Leonhardt S, Aleksandrowicz A, Steffen M (2006) Magnetic and
capacitive monitoring of heart and lung activity as an example
for personal healthcare. In: Proceedings of 3rd IEEE/EMBS
international summer school on medical devices and biosensors,
pp 57-60

Boucsein W (1992) Electrodermal activity. Plenum Press, New
York

Piacentini R (2004) Emotions at fingertips, “Revealing individual
features in galvanic skin response signals”. Universit degli studi
di Roma “La Sapienza”

Mattmann C, Amft O, Harms H, Troster G, Clemens F (2007)
Recognizing upper body postures using textile strain sensors.
In: 11th IEEE international symposium on wearable computers,
pp 1-8

Arlington VANS (1998) Testing and reporting performance
results of cardiac rhythm and ST segment measurement algo-
rithms. ANSI-AAMI EC57:1998

Hamilton PS, Tompkins WJ (1986) Quantitative investigation of
QRS detection rules using the MIT/BIH arrhythmia database.
EEE Trans Biomed Eng 33(12):1157-1165

Dokhan B, Setz C, Arnrich B, Troster G (2007) Monitoring
passenger’s breathing—a feasibility study. In: Swiss Society of
Biomedical Engineering Annual Meeting. Neuchatel, Switzerland
European SEAT-Project (Nr: 030958) (2006) Deliverable D5.1:
IFE and comfort in aircraft cabin—state of the art



