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Abstract—A sensor-fusion wearable health-monitoring system with inte-
grated haptic feedback was previously introduced by our research group. The
system's components are the following: a chest-worn device with an embedded
controller board, an electrocardiogram (ECG) sensor, a temperature sensor, an
accelerometer, a vibration motor, a colour-changing light-emitting diode (LED)
and a push-button. This multi-sensor device makes possible to collect biometric
and medical monitoring data from its wearer. The data provide a real-time indi-
cation of the wearer's health state and can also be further analysed later for
medical diagnosis. The embedded vibration motor can actuate distinctive haptic
feedback patterns according to the wearer's health state. The embedded colour-
changing LED provides the wearer with an additional intuitive visual feedback
of the current health state, and the wearer can report a potential emergency con-
dition by using the push-button. In this paper, a conceptual case study is pre-
sented concerning possible applications for the health monitoring of elderly
people in smart cities. The proposed system aims at reducing risk by assessing
individual and overall potentially-harmful situations. A data collection and
analysis are also presented to demonstrate that the system can provide compel-
ling vibrotactile feedback.

Keywords—sensor fusion, wearable, health monitoring, elderly

1 Introduction

Several large technology companies including Apple, Google, and Samsung are
entering the expanding market of population health monitoring with the introduction
of wearable devices, also known as "wearables". These devices are now at the heart of
just about every discussion related to the Internet of Things (IoT) and the full range of
new capabilities pervasive connectivity can bring [1] to smart cities and health moni-
toring applications.
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Fig. 1. The concept for a wearable multi-sensor health-monitoring system.

Wearability of smart devices is envisioned to enable novel forms of interaction,
communication, cooperation and integration between humans and automated infor-
mation systems. Specifically, wearables make it possible to provide haptic feedback
to the human wearer during natural interaction with the environment. Haptic feed-
back, also known as haptics, is the use of the sense of touch in a user interface de-
signed to supply the user with additional information. For instance, specific vibrotac-
tile feedback may provide the user with real-time feedback about its health status.

In this perspective, the design and development of wearable health-monitoring sys-
tems (WHMS) has received lots of attention from the scientific community and indus-
try during the last years. These low-cost systems are made up of various small sen-
sors, transmission modules and processors. As a result, they are well-suited to weara-
ble and unobtrusive mental and physical health status monitoring solutions and do not
impose limits on time or location [2]. Even though independent sensor information is
conducive to revealing the working state of the system to some extent, a comprehen-
sive multi-parameter sensing model is more effective for analysis and evaluation of
potential operational risks. To the best of our knowledge, multi-sensor fusion is one of
the most suitable technologies to use when dealing with data from disparate sources
[3].

Following this approach, our research group previously present a wearable health
sensor monitoring system based on a multi-sensor fusion approach [4]. It consists of a
chest-worn device that embeds a controller board, an electrocardiogram (ECG) sen-
sor, a temperature sensor, an accelerometer, a vibration motor, a colour-changing
light-emitting diode (LED) and a push-button. Biometric and medical monitoring
applications can be performed by using this multi-sensor device. The embedded vi-
bration motor makes it possible to actuate distinctive haptic feedback patterns accord-
ing to the wearer's health state. In this way, the user can intuitively become self aware
of his own health situation. The user is also provided with an additional intuitive visu-
al feedback about the current health state by means of the embedded colour-changing
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LED. In addition, the provided push-button can be used by the user to report a poten-
tial emergency state. The proposed system opens up to a variety of application possi-
bilities.

In this paper, we discuss the possibility of employing our system for the health
monitoring of elderly people in smart cities, as shown in Figure 1. By collecting the
sensor data, it is possible to monitor the health state of a user or to get sensitive data
in real-time. Retrieved data can subsequently be analysed for medical diagnosis. Bio-
metric information gathered can be wirelessly sent using the standard Wi-Fi commu-
nication protocol to a medical diagnosis center. Data can be sent to a cloud computing
system to perform permanent storage or visualised in real-time by sending the infor-
mation directly to a laptop or smart phone. Encryption techniques can be used to
transfer data securely and to consider privacy concerns. Data mining can be per-
formed with the raw data and could be used in conjunction with methods from the
fields of artificial intelligence, machine learning, statistics and database systems by
using a knowledge base. The overall goal of the data mining process is to extract
information from the data set and transform it into an understandable structure so that
it is possible to find previously unknown information to make inferences regarding
the user's health state. In the context of constantly aging populations, maintaining
persons at home represents one of the most serious challenge to be considered. The
proposed system may make it possible for elderly people to live longer in their own
homes.

The paper is organised as follows. A review of the related research work is given in
Sect. 2. In Sect. 3, the system architecture is presented. Some ethical issues are dis-
cussed in Sect. 4. A conceptual case study describing the health monitoring of elderly
people in smart cities is presented in Sect. 5. Conclusions and future work are out-
lined in Sect. 6.

2 Related research works

In the last decade, there have been numerous research efforts and products that can
be classified as WHMS [2].

For example, Lv et al. [5] developed a mobile health monitoring system for the el-
derly. They used wireless body sensors and smart phones to monitor the wellbeing of
the elderly, controlling the position, blood pressure, and ECG signal of the wearer.
Rajasekaran et al. [6] presented a network that supports wearable sensors and contains
on-board general computing capabilities for individual event detection, alerts, and
communications with different medical services. The information is relied in real time
to the PDAs of the doctor and/or caretaker. The Smart Shirt from Sensatex [7] is a
wearable health-monitoring device that integrates a number of sensory devices, such
as heart monitor, respiration, temperature, onto a wearable mother-board from Geor-
gia Tech. Several other technologies have been also introduced, including the MIThril
by MIT [8], e-textile from Carnegie Mellon University, and wearable e-textile from
Virginia Tech [9]. Furthermore, the Lifeguard project of Stanford University is a
physiological monitoring system comprising physiological sensors (ECG/respiration
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electrodes, pulse oximeter, blood pressure monitor, temperature probe), a wearable
device with built-in accelerometers, and a base station. The crew physiologic observa-
tion device acquires and logs the physiological parameters measured by the sensors.
More recently, Dong et al. [10] proposed an elderly health-monitoring distributed
platform, which collects health data through intelligent wearable sensors and then
send them to a remote server through a smartphone. Using big data technology and
parallel computing, the platform uses Spark Streaming technology to carry out the
online data stream processing, so as to feedback the results to the designated emer-
gency center, hospital, or family.

Nonetheless, to the best of our knowledge, an health sensor monitoring system that
features a multi-sensor fusion approach and also provides an integrated haptic feed-
back for the user has not yet been deeply investigated. The lack for such a system is
even more evident when considering the rapidly growing needs of urban population in
terms of health care. This challenge is one of the key driver for governments to in-
crease digitization-acceleration efforts involving smart cities. The main contribution
of this paper is to contribute towards the development of a wearable haptic health-
monitoring system based on sensor information fusion for the health monitoring of
elderly people in smart cities.

3 System architecture

In this section, the proposed system architecture is presented. The framework is
based on a multi-sensor fusion approach. In particular, a client-server pattern is
adopted. A chest-worn device operates as a client and remotely communicates with a
server where the logic of the presented architecture is implemented. In the following,
the adopted design method is first described. Successively, the key elements of the
system are presented. The reader is referred to Figure 2.

3.1 Design method

During the overall system design process, we adopted advanced virtual prototyping
methods and simulations tools with the aim of improving our architectural choices,
testing procedures and validation techniques. From a design point of view, virtual
prototyping can be beneficial when developing complex systems. Development time
can be significantly reduced, the system features can be extensively tested and quality
can be assessed [11]. Therefore, virtual prototyping is necessary for validating the
system design. Related simulations are carried out. In particular, this system allows
for an effective risk reduction from both an individual assessment as well as an over-
all evaluation of the potential harm.

3.2  Client (chest-worn device)

The wearable device is designed to work as a client and gather different biometric
data. In particular, it is a chest-worn device that consists of a controller box attached
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Fig. 2. The proposed system architecture.

to a belt. The device is worn by the user and it is powered by means of a polymer
lithium ion battery. In the following, the components that are housed in the controller

box are listed:

* Controller board: an Arduino Uno board [12] based on the ATmega328 micro-

controller is used as a client. Arduino is an open-source electronics prototyping
platform based on flexible, easy-to-use hardware and software. Using Arduino
boards simplifies the amount of hardware and software development needed to get
a system running. On the software side, Arduino provides a number of libraries to
make programming the micro-controller easier. The choice of using Arduino
boards makes the system framework easy to maintain and makes it possible to easi-
ly add new features in the future;

Communication module: to give communication capabilities to the proposed wear-
able device, an Arduino WiFi Shield [12] is stacked on top of the adopted control-
ler board. In detail, the Arduino WiFi Shield allows the client to communicate with
the server by using the 802.11 wireless specification (WiFi). The Arduino WiFi
Shield connects to an Arduino Uno board using long wire-wrap headers that extend
through the shield. This keeps the pin layout intact and allows another shield to be
stacked on top;

Memory Shield Module: a Secure Digital (SD) card reader module and an SD
memory card are adopted to locally store data through the Serial Peripheral Inter-
face (SPI) by using the file system driver. This local memory is mainly used to
store sensitive data such as the user's identity and other information that cannot be
stored on the server side for privacy reasons. The local memory is also useful when
no communication links are available. In this case, data are first temporary stored
locally and then uploaded to the server whenever a connection link is available;
Sensor platform: to gather the wearer's biometric data, an e-Health Sensor Shield
[13] is stacked on top of the adopted communication module. The e-Health Sensor
Shield allows Arduino boards to easily gather information from different sensors.
An open-source software library is provided with the e-Health Sensor Shield, al-
lowing for easy access to the sensor data;
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* Battery: a polymer lithium ion battery is adopted in order to provide power to the
proposed controller box. This kind of battery is very slim and extremely light
weight.

Different biometric sensors can be connected to the e-Health Sensor Shield accord-
ing to various needs. Specifically, the following sensors are employed in our imple-
mentation:

¢ an ECQG sensor kit, which consists of three leads (positive, negative and neutral) to
be attached to the user's body. This sensor input can be used as a diagnostic tool to
assess the electrical and muscular functions of the user's heart. The ECG has grown
to be one of the most commonly used tests in modern medicine. In particular, this
sensor has proven to be useful in the diagnosis of several cardiac pathologies rang-
ing from myocardial ischemia and infarction to syncope and palpitations. However,
the accuracy of the ECG depends on the condition being tested. A heart problem
may not always show up on the ECG. Some heart conditions never produce any
specific ECG changes [14];

* an accelerometer sensor, which can be placed on the user's body with a comforta-
ble elastic band. This sensor can be used to monitor five different wearer positions
(standing/sitting, supine, prone, left and right). In many cases, it is necessary to
monitor the user's body positions and movements because of their connection to
particular diseases (i.e., restless legs syndrome). For the particular case of elderly
people, analysing movements during daily activities also helps in determining life
quality and irregular pattern behaviours. The accelerometer sensor could also help
to detect fainting or falling of the elderly people;

* a temperature sensor, which can be placed under the user's axilla. Body tempera-
ture is an important health state indicator and accurate measurements can provide
medical insight into the wearer's response to different situations. The reason is that
a number of diseases are accompanied by characteristic changes in body tempera-
ture. Likewise, the course of certain diseases can be monitored by measuring body
temperature, and the efficiency of a treatment can be evaluated by the physician.

Another relevant feature of the proposed wearable device is that it provides the
wearer with an intuitive haptic and visual feedback. To implement this feature, the
following components are adopted:

* a vibration motor is embedded in the proposed chest-worn device. The motor is
placed on the back side of the controller box and it allows for actuating distinctive
haptic feedback patterns according to the wearer's health state. This feature is fun-
damental for improving the user's risk perception. The way in which people think,
feel and behave in response to risk is receiving increasing attention, both among
academics and those who are involved in promoting and regulating safety. Risk is
perceived differently by different people. In this perspective, the use of haptics can
significantly improve the user experience. Touch is one of the most reliable and
robust senses: it is fundamental to our memory and for discerning. When the wear-
er's health state is normal, the motor does not produce any vibrations. If instead,
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the wearer's health state is not normal, two different vibration patterns are actuated
to symbolise a potentially abnormal condition (low frequency vibrations) or a ra-
ther dangerous state of health (high frequency vibrations);

¢ a colour-changing LED is embedded in the proposed chest-worn device and placed
on the visible side of the controller box. This LED provides the user with an addi-
tional intuitive visual feedback of the current health state. In particular, three dif-
ferent colours are used: green to indicate a normal health state, yellow to symbolise
a potentially abnormal condition and red to point out a dangerous health state.

In addition, a push-button is embedded in the proposed wearable device, allowing
the user to report a potential emergency condition or accident.

3.3  Multi-threading and multi-level hierarchical server

The server implements a multi-threading and multi-level control program. Strict
real-time criteria are adopted. This allows to simultaneously and efficiently collect
data from different users. Moreover, the chosen architectural pattern offers the follow-
ing advantages: improved performance and concurrency; simplified coding of remote
procedure calls and conversations; scalability and possibility to handle a growing
number of users.

Three different logical levels are defined to process the client requests:

* the High-Level methods layer includes the high-level and distributed control func-
tion, processRequest, which handles each client request;

* the Concurrent Threads level is the layer where each client request is treated as a
concurrent process. In detail, the health state of each user is continuously moni-
tored by a separate thread. This level can access both the lower Low-Level methods
layer as well as the higher High-Level methods layer. Each monitoring thread con-
tinuously sends the current information status back to the corresponding client so
that the vibration motor and the LED can be accordingly actuated;

¢ the Low-Level methods layer includes the low-level functions that are used to write
the acquired data to a local database (write), to read previously acquired data from
a local database (read), to send the acquired data to the cloud (send), to receive
previously acquired data from the cloud (receive), and to send data from the server
to a knowledge base where the data can be analysed (analyse).

From an implementation point of view, the server is implemented by using the Java
programming language and the corresponding standard tools for multi-threaded pro-
gramming.

34 Knowledge Base

The proposed system can communicate with a knowledge base (KB). A KB may
store complex structured and unstructured information collected from different
sources such as public hospital databases and other health care facilities. KB technol-
ogy and methods from the fields of artificial intelligence, machine learning, statistics
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and database systems can be employed to process the health measurement data and to
look for unusual signs or trends.

In this initial study, the interface that provides the possibility of exposing data from
the server side to an hypothetical KB was developed. In the future, rules for execution
by an inference mechanism of an automation program may be implemented [15]. The
rules must be based on the expertise of the health professionals. The rules would de-
scribe the range values of the health data that requires constant monitoring. In addi-
tion, the data trends (speed of increasing or decreasing values) are also important
indicators that require careful monitoring by the system.

4 Ethical issues

To assure the user's privacy all the personal data should be protected. Data encryp-
tion must be used to transfer data securely both from the client side to the server side
and from the server side to the KB. Additionally, data encryption must also be used to
safely store the data.

The sensitive data flow is shown in Figure 3. All the sensitive data, such as the us-
er's identity and location, are exclusively stored locally on the client side. Only when
an emergency occurs, the client sends the user's identity and location to the server. In
this circumstance, a medical alert is triggered so that medical assistance can be pro-
vided to the user. It should be noted that in this preliminary study, the user's identity
and location are manually encoded on the client software. In the future, a simple
graphical user interface may allow to input the user's identity while a positioning
system may be integrated to track the user's location [16].

—»|  Client stores sensitive [
data

Dl

Emergency occurs

Client sends user’s
identity and location to
server

v

Server triggers medical
alert

v

Medical assistance is
provided

Fig. 3. Sensitive data flow
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The non-sensitive data flow is shown in Figure 4. Whenever the client collects new
sensor data, the communication link availability is checked. If the communication link
is not available, then the new data are temporarily stored locally. Whenever the com-
munication link is available, data are sent from the client to the server. On the server
side, the data consistency is checked against the KB. If no similar data are available
on the KB, then the data are sent from the server to the KB. This process can help
generate the type of robust data that is invaluable to medical researchers.

»
|
»

Client collects new data [

y

no

Communication

link available Client stores data locally

Client sends data to
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y

Similar data
available in KB

Server sends data to KB

Fig. 4. Non-sensitive data flow

5 Simulation results

The main focus of this work is on building the system architecture and validating
the communication pattern. Therefore, simulation experiments are performed with
simulated data rather than real sensor data. In particular, different sample data from
different open access databases are considered. Portions of these data are fed to the
client to simulate real sensor measurements.

Concerning ECG monitoring, we use data from the Physiobank archive [17]. With-
in this archive, the MIT-BIH Arrhythmia Database [18] is considered. This database
consists of 48 half-hour excerpts of two-channel ambulatory ECG recordings, ob-
tained from 47 subjects. By using this dataset, the possibility of detecting supra-
ventricular premature or ectopic beats (atrial or nodal) [14] is considered. While the
sinoatrial node typically regulates the heartbeat during normal sinus rhythm, ectopic
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beats occur when another region of the atria depolarises before the sinoatrial node and
thus triggers a premature heartbeat. Hence, a simply way to detect this event has been
developed which consists of comparing the current beat time interval with the average
time interval of the previous beats. If the current beat time interval is shorter than the
average beat time interval, then the system detects a potential ectopic beat. For in-
stance, this occurrence is highlighted in Figure 5, where a ECG segment plot is
shown. This arrhythmia is a quite common occurrence in all ages and usually is not
serious, therefore the system considers this case as a potentially abnormal condition
but not as an extremely dangerous state. When this happens, the corresponding serv-
er-side monitoring thread sends a status update to the client so that the vibration mo-
tor can vibrate with low frequency and the colour of the LED can be changed to yel-
low.

With regard to the accelerometer sensor, the possibility of detecting five different
user positions is considered. By using the software library provided with the e-Health
Sensor Shield, the proposed system is able to distinguish between the following posi-
tions: standing/sitting, supine, prone, left and right. A particularly dangerous situation
that can happen is fainting, which may cause the user to fall. For instance, this occur-
rence is highlighted in Figure 6, where the system detects a prone position for the
wearer. This situation is quite dangerous and therefore the system considers this case
the most critical state. When this happens, the corresponding server-side monitoring
thread sends a status update to the client so that the vibration motor can vibrate with
high frequency and the colour of the LED can be changed to red. A time plot of a
simulated scenario is shown in Figure 7. This time plot shows the occurrences of a
supine/prone position and a left/right position respectively. It should be noted that the
supine and prone positions are considered equally dangerous for the user as well as
the left and right positions.

Regarding the temperature monitoring, the possibility of detecting states of fever
and hyperpyrexia for the user is considered. Particularly, axillary body temperature
measurements are taken at 10-minutes intervals. For the sake of illustration, the case
of hyperthermia is considered as an example. This occurrence is highlighted in Figure
8, where a temperature of 38.12¢ C is measured. This is quite dangerous for the user,
therefore the system considers this case as a critical state and makes the motor to
vibrate with high frequency, while the colour of the LED is changed to red.
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Fig. 5. An occurrence of supraventricular premature or ectopic beat, which is labeled as "S".

iJOE — Vol. 14, No. 8, 2018 61



Paper—A Wearable Haptic System for the Health Monitoring of Elderly People in Smart Cities

(0] /dev/ttyACMO
MMAS452Q 1s online...
Current position : Stand or sit position

>

. vibrateMotor(high-frequency)
| setLEDcolor(red)

1

r

4

N~

-

Accelerometer
sensor

Current position : Stand or sit posityon
,/
Arduino Serial Monitor ~ , RGB LED

!
Current position : Prone position ,

Vibration Motor

Fig. 6. An occurrence of prone position detection for the user.

T T
[— Output from the e-Health Sensor Shield|

standing/sitting |-

left/right |- E

5 10 15 20

supine/prone0

I I
[—LED colour and motor frequency|

red, high frequency - E

yellow, low frequency - N

green, no vibration ! ! |
0 5 10 15 20

Time([s]

Fig. 7. A time plot of a simulated scenario showing the occurrences of a supine/prone position
and a left/right position respectively.

@ /dev/ttyacMo |

[ vibrateMotor( h|gh frequency)

Temperature (°C): 38.12 | .’ setLEDcoIor (red)
I I
/
\
Arduino Serial Monitor "l RGB LED Vibration Motor

Fig. 8. An occurrence of hyperthermia is detected for the user

Temperature sensor

6 Conceptual case study for smart cities

A possible application scenario for the proposed system concerns the health moni-
toring of elderly people in smart cities. Due to a growing number of elderly people,
there is a need for developing the necessary technology to make cities aware of the
special needs of all their citizens including the needs of aging populations. Population
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aging is widespread across the world. This issue is most advanced in the most highly
developed countries, but it is growing faster in less developed regions, which means
that older persons will be increasingly concentrated in the less developed regions of
the world [19]. In this perspective, there is an urgent need for developing a low-cost
solution that will allow to monitor the health state and welfare of the elderly people.
Such a system may make it possible for elderly people to live longer in their own
homes.

The possibility of developing wearable sensor-based systems for health monitoring
of elderly people has been investigated by several research groups. For instance, some
usage models for health monitoring systems in daily environments based on wearable
and ambient sensors were presented in [20]. An example of a possible implementation
of these models was described in [15] considering the health monitoring of elderly in
independent and assisted living. Nonetheless, to the best of our knowledge, a low-
cost, versatile and easy to prototype system that integrates a multi-sensor fusion ap-
proach with an intuitive haptic feedback for the user has not yet been deeply investi-
gated.

The system described in this paper meets the requirements of low-cost, versatility
and rapid-prototyping. It should be noted that the production cost of the chest-worn
device can easily be kept below 100 US dollars given the enclosing case, the control-
ler boards, the communication module, the sensor platform, the sensors and the other
hardware components. In the future, the production cost could be even further re-
duced by using a 3-D printing approach or a shape deposition manufacturing (SDM)
method to produce the enclosing case. This could make the system affordable for a
larger number of elderly people. The system is also versatile since the proposed multi-
level architecture allows for adding new software functionalities in a modular way.
The possibility of adding new sensors is guaranteed by the modularity of the proposed
hardware.

A possible application scenario of the proposed system for this context is described
in Figure 9. The elderly is provided with the proposed chest-worn device that allows
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Fig. 9. An application scenario for the system concerns the health monitoring of elderly people
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for collecting biometric and medical monitoring data of its wearer. The collected data
are sent from the client to the server according to the modalities described in Figure 3
and Figure 4. On the server side, the data are checked against the KB. On the KB side,
the health measurement data are processed to look for unusual signs or trends. In such
a case, an alarm is triggered and a notification is sent to a predefined medical diagno-
sis center. According to the doctor discretion, an ambulance can be sent to the elder's
location so that immediate medical assistance can be provided.

7 Conclusions and future work

In this paper, a prototype of an integrated wearable health sensor monitoring sys-
tem was presented. A multi-sensor fusion approach was adopted. The system has the
following components embedded in a chest-worn device: a controller board, an accel-
erometer, a vibration motor, a light-emitting diode (LED) capable of changing col-
ours, a push-button, an ECG sensor and a temperature sensor. This device makes it
possible to perform biometric and medical monitoring. It is possible to actuate distinc-
tive haptic feedback patterns in accordance with the wearer's health state thanks to the
embedded vibration motor. The embedded colour changing LED provides additional
intuitive feedback and the user can report a potential emergency condition by using
the push-button. It is possible to use the collected biometric information in real-time
for monitoring the health state of the user, or subsequently analyse the data to facili-
tate a medical diagnosis. The information can be sent wirelessly to a cloud computing
system for permanent cloud-based data storage or it can be visualised in real time if
sent to a laptop or a smart phone. In this work, the health-monitoring of elderly people
was considered as a possible application scenario. Initial simulations were performed
to validate the potential of the proposed system. In addition, a conceptual case study
was presented to describe the possibility of employing the proposed system in the
context of smart cities.

In the future, the use of experimental data will make it possible to certify system
performance in a real application scenario. To do this, an extensive field test is neces-
sary involving a large number of users. A comprehensive experimental test would
also make it possible to assess the proposed system from a human factor point of
view. Another challenge that could be explored in the future is the use of advanced
techniques for data mining that draw from the fields of big data, artificial intelligence,
machine learning, statistics and database systems by using a knowledge base. Optimi-
sation methods and software libraries similar to the ones proposed in [21] may be
adopted.

In the near future, we expect wearable technology to deliver a key interface and in-
put into the industrial Internet of Things (IoT). The proposed system contributes to-
wards the fulfillment of this idea.
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