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Abstract— A comfortable health monitoring system named
WEALTHY is presented. The system is based on a wearable
interface implemented by integrating fabric sensors, advanced
signal processing techniques and modern telecommunication
systems, on a textile platform. Conducting and piezoresistive
materials in form of fibre and yarn are integrated in a gar-
ment and used as sensors, connectors and electrode elements.
Simultaneous recording of vital signs allows extrapolation
of more complex parameters and inter-signal elaboration that
contribute to produce alert messages and patient table. The
purpose of this publication is to evaluate the performance
of the textile platform and the possibility of the simultane-
ous acquisition of several biomedical signals.

Keywords— fabric sensors, fabric electrodes, physiological
signs.

1. Introduction

One of the emerging new tendencies for healthcare moni-
toring systems is rising from areas relatively far away from
the traditionally involved technologies.

During the last decade we have assisted at a revolution
in telecommunication domain, while during 80’s the elec-
tronic devices scale has shifted from a micro to a nano
dimension. Nowadays, a new generation of monitoring de-
vices based on the growth of the knowledge derived from
the past research experience and on the use of textile multi
sensing interfaces is rising.

The systems have to combine the advances of telecommuni-
cation, microelectronics and material science to guarantee
a continuously remote monitoring of multiple physiological
functions, as well as comfort and wearability. The spotlight
is shifting from external environment control to human ori-
ented systems, where the subject-actor is constantly virtu-
ally linked and interactive.

This tendency is changing dramatically the common life
style, as well as the needs of people. Citizens are becoming
more and more used in telecommunicating and in manag-
ing information, and the idea of a surrounding virtual world
is no more an alien concept. New tools are being developed
to be used every where, during normal life, capable to help
people to increase their health status awareness, to train
them to act at a preventive level by modifying their life
style, to give them the feeling of a reassuring link. The in-
teraction between physician and patient is growing in qual-
ity and the contribution is coming from both sides.

New systems designed to be minimally invasive, based
on flexible and smart technologies conformable to the hu-
man body are conceived to improve the autonomy and
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the quality of life of patients. They are also cost-effective
in providing around-the-clock assistance, in helping physi-
cians to monitor cardiac patients during rehabilitation
phase, in decreasing hospitalization time.

The system can also assist professional workers subject
to considerable physical and psychological stress and/or en-
vironmental and professional health risks.

The aim of the work presented is to set up a fully integrated
garment system, able to acquire simultaneously, in a “nat-
ural” environment a set of physiological parameters. The
system is designed to be minimally invasive, comfortable
and wearable, to this aim conductive and piezoresistive ma-
terials in form of fibre and yarn are used to realize clothes
where knitted fabric sensors and electrodes are distributed
and connected to an electronic portable unit, the acquired
signals can then be transmitted to a remote monitoring sys-
tem.

The simultaneous recording of vital signs allows param-
eters extrapolation and inter-signal elaboration [1, 2] that
contribute to produce alert messages and personalized ta-
bles of user’s health.

2. The WEALTHY system

Strain fabric sensors based on piezoresistive yarns, and fab-
ric electrodes realized with metal based yarns, enable the
realization of wearable and wireless instrumented garments
capable of recording physiological signals and to be used
by the patient during everyday activity. Breathing pat-
tern, electrocardiogram, electromyogram, activity pattern
or behaviour, temperature, can be listed as physiological
variables to be monitored through the proposed system.
A miniaturized short-range wireless system can be inte-
grated in the sensitive garment and used to transfer the sig-
nals to the WEALTHY box/PCs, PDA and mobile phones.
An “intelligent” system for the alert functions, able to create
an “intelligent environment” by delivering the appropriate
information for the target professional is the complemen-
tary function to be implemented. The system is targeting
the monitoring of patients suffering from heart diseases
during and after their rehabilitation.

3. WEALTHY functions

The WEALTHY system has been developed as the integra-
tion of several functional modules. The main functions are
shown in Fig. 1, namely: sensing, pre-processing, trans-
mission, processing and data management.
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The garment interface is connected with the portable
WEALTHY device where the local processing as well
as the communication with the network is performed.
A knitted fabric platform containing insulated conductive
tracks connected with sensors and electrodes has been im-
plemented to make the cloth. Most signals are transmit-
ted unprocessed to the monitoring system where they can
be analyzed off-line. In order to reduce the needed data
capacity of the wireless link to the central monitoring sys-
tem, some sensor signals are processed by the portable
patient unit (PPU) to extract essential parameters. Local
pre-processing of signals has to be decided in a trade-off
between the gain in term of wireless link occupancy and
the increase of needed local processing power.
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Fig. 1. Overall WEALTHY function.

The ECG leads that can be gathered are:
— precordial V2 and V5;
— einthoven D1, D2, D3.

ECG signals are sampled on the PPU at 250 Hz, a lo-
cal processing is applied in order to extract parameters
with a higher sampling rate, so that ECG parameters, such
as heart rate (HR) value and QRS duration can be computed
with a significant number of samples.

In order to decrease the amount of data transmitted by
GPRS, the ECG signal is decimated to obtain a sampling
rate of 100 Hz, and the operator at the monitoring centre
can view and record only one ECG signal by selecting the
desired one.

Respiration and movement activity come from piezoresis-
tive sensors, sampled at 16 Hz. The signals from these
sensors are transmitted without local processing.

The PPU is designed to have a simple user interface, a few
LEDs and a buzzer for user warning purpose and a button
to let him manually trigger an alarm. The PPU electronics
is built on an “Europe” form factor board (first prototype di-
mension: 160 mm x 100 mm, first prototype weight: 400 g)
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and packaged in a metallic enclosure. It contains the nec-
essary functions to condition physiological signals, such
as filtering, digital analysis and to perform specific higher
level processing like HR extraction, run the application, as
well as communicate over GPRS with a monitoring centre.
All the circuits, sensors and communication module are
powered by a 1100 mAh/3.6 V lithium battery. The battery
autonomy ranges between a few hours and eight hours, de-
pending on the level of use of the GPRS link. It can be
recharged using a dedicated front panel connector.

The WEALTHY central monitoring system is a s/w module
interpreting physical sensor data received from the PPU and
representing them in simple, graphical forms. It will be
used by the proper staff in order to judge the automatically
generated alerts and forward only the critical alerts to the
doctors and the patients.

The central monitoring system performs the following
tasks:

— coordinates and controls the data flow between the
different actors;

— collects and stores the data transmitted by the sensors
integrated in the WEALTHY garment through the
portable patient unit;

— continuously monitors vital health parameters of the
patients;

— generates alerts to inform doctors for critical health
situations;

— gives access to the central database to doctors and
other health professionals;

— presents to the qualified users the health situation
of the patients using different user-friendly interfaces.

All the monitoring system modules are able to run on
a single computer without the need of dedicated high-end
Servers.

The final aim is to recognize those parameters that define
an event. Several statistical tools based on a multifunctional
analysis, such as principal component analysis (PCA) or in-
dependent component analysis (ICA), may be used for this
purpose. In order to offer full mobility to the patient or the
user, the acquired signals are transmitted wirelessly from
the PPU to the remote monitoring system. The commu-
nication is based on TCP/IP that is the standard protocol
for GPRS communication. For GPRS bandwidth limitation
reason, the monitoring centre shall select the ECG lead
to be transmitted (one at the time). All signals are sent
in quasi real-time to the remote monitoring centre.
Off-line processing, depending on the application, is carried
out at the monitoring centre. A preliminary list includes:

— tachogram;
— ST deviation;

— T wave area;

spectral analysis of RR signal.
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Combining these parameters and the information obtained
by the other signals (movement, respiration, HR, etc.) the
system generates automatic alerts. A set of rules for the
determination of the alert criteria has been implemented
in the alert module. New alerts are also possible to be
included by authorised personnel, as well as modification
of the alert criteria [3].

The user will be able to watch the health status of all pa-
tients connected to the central monitoring system (through
the WEALTHY garments). The definition of the monitor-
ing profiles will provide an easy to use monitoring of the
patients’ health status in real time and with different fully
customisable views.

Simultaneously, the user will be able to review the gener-
ated alerts and using past medical data will determine the
true and false alerts and correspondingly contact doctors
through direct phone calls and online alerts. This central
control module is not necessary in order for the monitoring
system to work. It is an optional module ensuring the min-
imal generation of false alerts to the doctors and will be
necessary for large scale hospitals dealing with hundreds
of patients.

The WEALTHY platform will give the possibility to mon-
itor and assist patients through a remote medical advice
service. The use of intelligent systems provides to physi-
cians the data to timely detect and manage health risks,
diagnose early illness or injury, recommend treatment that
would prevent further deterioration and, finally, to make
confident professional decisions based on objective infor-
mation all in a reasonably short time.

4. WEALTHY interface

Strain fabric sensors based on piezoresistive fabric or yarns,
and fabric electrodes made with metal based yarns, enable
the realization of wearable and wireless instrumented gar-
ments capable of recording physiological signals, to be used
during the routinely activity, to be worn instead of a clas-
sical garment without discomfort for the user. Respiration,
electrocardiogram, electromiogram, activity sensors, tem-
perature, may be listed among the physiological variables
that can be monitored through the proposed system.

Piezoresistive fabric sensors have been realized by us-
ing lycra® fabric coated with carbon loaded rubber,
as well as by weaving a commercial electroconductive yarn
(PAC 250 dtx x 1, by Europa NCT, Poland). These fab-
rics behave as strain gauge sensors and show piezoresistive
properties in response to an external mechanical stimulus.
The coated lycra® fabric has been used to detect respiration
signal, due to the higher efficiency shown in term of qual-
ity of the signal, compared with the other fabric sensor.
The Europa yarn has been used for the activity sensors
and knitted in the multifunctional fabric. The behaviour
of a knitted piezorestive sensor is different when stretched
towards warp or weft direction. Preliminary tests have been
done to select the more efficient technique of knitting and
the direction of stretching. The fabric sensor have been in-
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tegrated and oriented in a way to maximize the gauge factor
according with the response shown during the preliminary
tests.

Electrodes have been realized with a yarn where two stain-
less steel wires are twisted around a viscose textile yarn
(Elite by Lineapiu s.p.a., Italy). Electrodes were knitted
by using the tubular intarsia technique [4] to get a double
face, using the external — non conductive — part to isolate
the electrode from the external environment. The basal
yarn (not sensitive) was the same yarn used as core for the
conductive electrode yarn. To improve the electrical signal
quality in dynamic condition a hydro-gel membrane pur-
chased by ST&D Ltd (Belfast-UK), has been used. The
use of the membrane affects also the comfort as electrodes
have a rough surface and a prolonged contact with the body
can give rise to skin irritations. The contact between con-
ductive fabric and skin can be improved by increasing the
adherence of the garment with the use of a higher percent-
age of elastic component in the yarns. Another approach
is the use of conducting rubber or silicon as coating layer
for the electrodes; in our future work both the approaches
will be investigated.

Connections have been realized by means of the tubular
intarsia technique. A supplementary layer has been wo-
ven by using of vanise technique. The final connection
is a multi layered structure where the conductive surface
is sandwiched between two insulated standard textile sur-
faces. The same conductive yarn is used for the electrodes
as well as for the realization of connections, a particular
of the textile prototype is shown in Fig. 2.

Fig. 2. Part of the WEALTHY interface.

The knitting fabric has been made with a flat-knitting ma-
chine (Vesta Vx 12 — Steiger, Switzerland ). A draft posi-
tion of sensors was implemented on the knitted fabric, and
then by means of the use of models was possible to cut the
fabric in a way to get the sensors in the desired configu-
ration. The garment was finally sewed, which means that
the final position of sensors and connections was achieved
in the manufacturing phase.

The prototype model [5] is shown in Fig. 3 where the
electrodes position is highlighted. In Fig. 3 the Einthoven
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Fig. 3. Prototype model: E — Einthoven, W — Wilson, R — refer-
ence, P — precordial leads, B — breathing sensors.

and Wilson derivations (E, W), V2 and V5 as precordial
leads (P) and the reference electrodes (R) are shown, while
two breathing sensors (B) are positioned one on the tho-
rax and the other on the abdomen. In Fig. 4 the position
of the 6 movement sensors is shown.

Fig. 4. Prototype model: S — shoulder movement, E — elbow
movement, G — gluteus movement sensors.

The stainless steel threads have been selected for the re-
alization of fabric electrodes for a series of reasons: first
of all they are compatible with industrial textile processes,
they are inert and stable in the presence of Oy, finally the
cost of steel is very competitive compared with pure silver,
or pure gold.

Naturally the fineness and flexibility of metal components
have been chosen to get a final conductive yarn suitable
for knitting, weaving and more in general for textile pro-
cessing, which means that the metal threads used are wash-
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able, flexible and biocompatible. The same approach has
been used for all the sensorial yarns and fabric developed
in the project. It is also possible to work with silver coated
threads that are occasionally employed for special fashion
effects or for antibacterial purposes in textile world. Pre-
liminary tests done with fabric containing polyester yarns
coated with silver have shown that the use of stainless steel
threads is more convenient: in fact during the experiments
it has been observed that the conductivity of the silver elec-
trode was lower than the stainless steel ones, when samples
with the same dimension were compared. This is proba-
bly due to the small amount of metal components localized
only in the coating layer of the threads. It is important
to underline that the fabric cannot be realized only with
metal yarns otherwise this region of the garment will be
too rigid and not conformable, the amount of metal in the
fabric is a compromise between the demand to increase the
conductivity and the necessity to improve the touch sensa-
tion (the hand) of the cloth. Moreover the quality of silver
adhesion was very poor, after several tests large metal coat-
ing regions looked removed; the electrodes need to be used
with gel or conductive past and finally the electrodes have
to be chlorinated.

Conductive and piezoresistive yarns are resistant to repeated
washing in aqueous solutions, the physiological signals de-
tected after washing have shown that the performances
of the fabric sensors are not affected by the process.

5. Methods

The purpose of this publication is to evaluate the perfor-
mance of textile sensors, electrodes and connections in-
tegrated in a garment (sensing part of the WEALTHY
system), and to prove the possibility of the simultaneous
acquisition of several biomedical signals during training
session.

All the tests have been effected using the WEALTHY textile
interface, adding two electrodes, not integrated but sewn,
on the right leg, in order to monitor the EMG activity of the
quadriceps muscle.

Piezoresistive signals have been conditioned by a voltage
divider, followed by a Butterworth low pass filter (cut fre-
quency at 10 Hz).

Signals from fabric electrodes have been conditioned
by a GRASS-TELEFACTOR mod. 15LT device equipped
with differential amplifiers mod. 15A54, with settable gain
and band pass filter, notch filter at 50 Hz.

The ECG signals from fabric electrodes were conditioned
setting gain 1000 and band pass filter with frequency range
between 1 and 100 Hz. Surface EMG signals from fab-
ric electrodes positioned on the right leg (quadriceps) were
conditioned setting gain 2000 and band pass filter with fre-
quency range between 10 and 500 Hz.

Every analogic signal has been acquired by an acquisition
card (National Instruments PCI 6036) with sampling rate
of 1000 Hz.
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The experiments have been performed according the fol-
lowing experimental paradigm.

The baseline conditions were recorded when the subject
was lying in supine position (R1) for a period of 10 minutes,
followed by a control period of 2 minutes with the subject
sitting on a cyclette (R2). This was followed by a period
of progressively increasing physical exercise (cycling with
increasing frequency and force) M1, M2, M3, M4, 5 min-
utes each. Then the period (R3), still in vertical position
on the cyclette, for 2 minutes, as in R2.

R [Ro[ M1 | w2 | M3

2

M4 R3 R4 |
10 min. -255min.55min.55min 5min.i i i

Fig. 5. Experimental design.

Finally, the subject was asked to stand up and to lie
in supine position for other 10 minutes (R4) as in R1. The
experimental protocol is summarized in Fig. 5.

6. Results

The ECG leads used to evaluate the performances of the
WEALTHY textile interface are:

— precordial V5;
— precordial V2;
— Einthoven D2.

These signals are acquired simultaneously with the respi-
ratory activity (abdominal and thoracic) and the activity
of the right quadriceps.
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Fig. 6. V5 precordial lead signal in each experimental condition.

The results obtained in the whole sessions have been
analyzed in order to demonstrate the robustness of the sys-
tem.
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In Fig. 6 the recordings from the V5 leads are shown, ac-
quired according to the protocol previously described, for
a period of 15 s each.

The analysis of the precordial leads shows that the quality
of the signals is not affected by movement artefacts, in the
frame of this trial.

In Fig. 7 it is possible to notice that the response of D2
lead is still satisfying for regular movement (M3). In fact
only during M4 (very intense activity) the signal is noisy
and could be very hard to get useful parameters (heart rate).
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Fig. 7. D2 Einthoven lead signal in each experimental condition.

R1
R2 ™ T T T ]

M1 _/\ \\f/\ \/—/\//\// \\//\
M2 b T T T T
M3 N N e N U N SN

M4 | Wﬁw\\w/\/
N ARV NV NN

R4

Time [s]

Fig. 8. Respiratory activity, reading plethysmography in thoracic
position, in each experimental condition.

The signal obtained by the piezoresistive sensor placed
on the thoracic position is shown in Fig. 8. It is affected
by noise during the M-phase, but is still possible to ob-
tain the respiratory rate and to have information about the
plethysmography of thorax with an appropriate algorithm
of analysis.
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In Fig. 9 it is possible to notice the increasing of muscular
activity by analyzing the results of surface EMG signal.
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Fig. 9. Surface EMG signal from right quadriceps in each ex-
perimental condition.

The amplitude of signal and median frequency, defined
as the frequency below which lies 50% of the total power
of the PSD, increases with the speed of spinning move-

Table 1
Median frequency of PSD of the surface EMG during
movements

Experimental condition | M1 M2 M3 M4
Median frequency [Hz] | 17.58 | 24.41 | 25.39 | 28.32

ments and the effort required by the increasing resistance
set on the cyclette, as shown in Table 1.

7. Discussion

The achieved results show that fabric electrodes endowed
in the sensing shirt allow a continuous and simultaneous
monitoring of bioelectrical and biomechanical physiologi-
cal signals in a behaving subject. In a previous work [6] has
been shown that the signals recorded by fabric electrodes
are comparable to those acquired with gold-standard elec-
trodes commonly employed in research and clinical use.
The electrical and mechanical properties of fabric elec-
trodes have not been modified by their integration in the
wearable shirt, as the characteristics of electrocardiographic
(ECQG), electromyographic (EMG) and respiratory (RESP*)
signals are comparable to those obtained with standard elec-
trodes in similar conditions. The response of the system
during the different activity phases are clearly observable
in Fig. 6, where the EGG data indicate that precordial leads
exhibit a remarkable stability and are free from artefacts
even during the maximal exercise intensity (M4), when
also the background noise appears negligible. In the stan-
dard D2 derivation the signal is less stable and the amount
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of artefacts related to movement clearly increases (Fig. 7).
This may be related to the lack of adherence of the garment
to the upper chest when the subject had to grab the cyclette
handle bar during exercise. Moreover, the strong engage-
ment of the pectoral muscles in this type of exercise may
be responsible for the higher background noise observed.
The signal to noise ratio can be improved by trying to set
the fabric electrode position on a rigid surface such as the
clavicle and the sensing shirt will be modified accordingly
in the future. The good quality of the ECG signal allows
the computation of heart rate and its variability throughout
the experimental cycle. As described in the literature dur-
ing physical exercise there is a progressive increase of heart
rate (Fig. 10), correlated to a parallel decrease of heart rate
variability (Fig. 11).
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Fig. 10. Heart rate obtained analyzing V5 signal in each exper-
imental condition.
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Fig. 11. Heart rate variability.

Due to the good quality of recorded signals, the ECG can
be adequately employed to study non invasively and in be-
having conditions more complex functional indexes related
to the sympatho-vagal balance, such as low frequency and
high frequency components derived by spectral analysis
of RR interval variability [1], respiratory sinus arrhythmia
and area under T wave of the ECG.

In Fig. 8, respiratory signals are shown detected through
piezoresistive sensors. Also in this case is evident a remark-
able stability and an excellent signal to noise ratio during
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the experimental session. Moreover the signal time course
is adequate to reproduce the thoracic excursions without
detectable phase shifts. Thus the respirogram yields accu-
rate information about respiratory rate while the variations
of signal amplitude can give only a qualitative estimation
of the respiratory depth.

The surface activity of selected lower limb muscles such
as the quadriceps can easily be recorded by fabric electrodes
similar to those used for recording ECG. The EMG shown
in Fig. 9 exhibits bursts of activity synchronous with the
pedalling cycle which rise by increasing the frequency and
the force required by the exercise.

As shown in Fig. 12, the sensing shirt makes possible
a simultaneous and multi-parametric acquisition of several
physiological variables in different behavioural conditions.
This possibility represents a significant advantage when it is
necessary to monitor the vital asset of workers in extreme
environmental conditions as well as sportsmen during high
physical performance or military personnel engaged in war
sites.
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Fig. 12. Overview of changing in all electrical signal during
experiment.

The most innovative feature of this system consists of the
use of functionalized materials in form of fibres and yarns,
which can be knitted or woven into a sensing fabric. Pre-
liminary results [7] show that the basic sensing features on
which vital sign recording is based can be implemented
using integrated knitted sensors and electrodes. Previous
authors works [8, 9] have shown that low frequency me-
chanical signals of cardiopulmonary origin (respiratory sig-
nals, ballistogram) or generated by body segments relative
motion (kinaesthesia) could be recorded by textile strain
gauges. Finally bioelectric potentials related to cardiac or
skeletal muscle activity (ECG, EMC) have been faithfully
recorded by metal based fabric electrodes. The integration
of these different components with appropriate elastic elec-
trical conductors and properly designed connectors to the
wearable electronic unit, leads to a comfortable wearable
cloth which has no counterpart in any existing monitor-
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ing system. These new integrated knitted systems enable
applications extending even beyond the clinical area and
open new possible applications in sport, ergonomics and
monitoring operators exposed to harsh or risky conditions
(fire fighters, soldiers, etc.). The possibility of simultane-
ously recording different physiological signals provides an
integrated view of normal and abnormal pattern of activ-
ity which could be otherwise impossible to be detected by
recording each signal in different time. Finally it must be
outlined that the possibility of recording physiological vari-
ables in a more “natural” environment may help to identify
the influence of the psycho-emotional state of the subject
in the performance of a physical activity. This is not easily
detectable when recording is done within a protected (med-
ical) environment. A further innovation is the in-context
data interpretation. While a simple telemonitoring system
would just transmit or record real-time physiological signs,
the WEALTHY system will be able to process physiologi-
cal parameters in context, so that appropriate feedback can
be given to the patient.

8. Conclusions

The innovative approach of this work is based on the use
of standard textile industrial processes to realize the sens-
ing elements. Transduction functions are implemented in
the same knitted system, where movements and vital signs
are converted into readable signals, which can be acquired
and tele-transmitted. In our fabric sensors, electrodes and
bus structure are all integrated in textile material, making
possible to perform normal daily activity while the clini-
cal status is monitored by a specialist, with a comfortable
wearable cloth which has no counterpart in any existing
monitoring system [10, 11]. WEALTHY system benefits
from the performance of the textile sensing interface to
guarantee a continuously remote monitoring of user vital
signs, the signals are acquired and elaborated on body and
a set of signals and parameters are teletransmitted and man-
aged by a remote control system. The philosophy of this
approach is focused on the realization of a friendly, human
oriented textile based system, where the choose of sensing
material is a compromise between comfort for the users and
signal quality for the specialists.
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