Body Sensor Networks

1.1 Introduction

This chapter provides an overview of the state-of-the-art and technology in the
field of wireless body sensor networks (BSNs). After introducing the motiva-
tions and the potential applications of this emerging technology, the chapter
focuses on the analysis of the architecture of sensor nodes, communication
techniques, and energy issues. We will then present and compare some of the
programmable sensing platforms that are most commonly used in the context
of wireless sensor networks (WSNs), and in particular those applied to remote
monitoring of patients. The chapter also contains an analysis of relevant vital
human signals and physical sensors used for their recording. Finally, the chapter
presents the hardware/software characteristics that must be taken into con-
sideration during the design stages of a healthcare monitoring system based
on BSNs. For instance, important characteristics are sensor wearability,
biocompatibility, energy consumption, security, and privacy of the acquired
biophysical information.

1.2 Background

The widespread use of mobile applications for patient monitoring over the last
few years is radically changing the approach to the health care. In today’s soci-
ety, this is gaining an increasingly important role in the prevention of diseases;
the convenience, for instance in terms of health-care costs, is significant. The
BSN technology makes often use of mobile applications that allow for the
transmission to a coordinator node, such as a smartphone or a tablet, informa-
tion about vital signs and physical activities (movements and gestures) [1, 2].
The miniaturization and the production cost reduction are leading to the realization
of extremely small-sized sensing and computing devices with high processing
capacity thus giving a great impulse to the development of WSNs, and, as a
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direct consequence, of BSNs. Very heterogeneous information and diversified

physiological signals can be transmitted, possibly after the application of sen-

sor fusion techniques [3], by the sensor nodes to the coordinator device.
Figure 1.1 shows a number of wearable sensing devices and their typical loca-

tion on the body:

1) Electrocardiography (ECG): the ECG is used to record the electrical activity
(including the heart rate) of the heart over a period of time using electrodes

placed on the skin.

2) Blood pressure meter: also known as sphygmomanometer, it is a device used
to measure (typically, both diastolic and systolic) blood pressure.

3 sensor node

ECG sensor node

0dl pressure
gensor node
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Figure 1.1 Common wearable sensors
and their location on the human body.
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3) Pulse oximetry: the oximeter is a medical device that allows us to measure
noninvasively the amount of hemoglobin in the blood. Since hemoglobin
binds with oxygen, it is therefore possible to obtain an estimate of the
amount of oxygen present in the blood.

4) Electromyography (EMG): the EMG sensor is used to monitor muscle
activity, using a needle electrode inserted into the muscle for high accuracy,
or, more practical and noninvasive, with simple skin electrodes. It records
the activity of the muscle fibers under different conditions: at rest, during
voluntary contraction up to the maximum effort, and during a sustained
average contraction.

5) Electroencephalography (EEG): the EEG sensor uses electrodes placed on
the scalp to monitor the brain activity and capture different types of brain
waves.

6) Motion inertial sensors (e.g. accelerometers and gyroscopes) monitor
human movements and even gestures.

BSN systems are commonly characterized by a number of hardware and
software requirements:

1) Interoperability: it is necessary to ensure the continuous data transfer
through different standards (e.g. Bluetooth and ZigBee) to promote the
exchange of information and ensure interaction between devices. In addition,
it should provide an adequate level of scalability in relation to the number of
sensor nodes and the workload of the BSN.

2) System device: the sensors must be of low complexity, small size, lightweight,
energy efficient, easy to use, and reconfigurable. In addition, patient
biosignal storage, retrieval, visualization, and analysis must be facilitated.

3) Security at the device and system level: particular attention must be paid to
secure transmission and authenticated access to such sensible data.

4) Privacy: the BSN could be considered as a “threat” to the freedom of the
individual, if the purpose of the applications goes “beyond” the medical
purposes. Social acceptance to these systems is the key to their wider
dissemination.

5) Reliability: the whole system must be reliable at hardware, network, and
software levels. Reliability affects directly the quality of monitoring because,
in the worst case, the failure to observe and/or successfully notify a “critical
risk event” can be lethal for the patient. Because of the limitations and
requirements on communication and power consumption, the reliability
techniques used in traditional networks are not easily applicable in the BSN
domain and, both at the design and implementation phase, this must be
taken seriously.

6) Validation and accuracy of sensory data: sensing devices are subject to
hardware constraints that can affect the quality of the acquired data; both
wired and wireless connections are not always reliable; environmental
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interference and limited energy availability also affect this aspect. This can
cause inconsistencies in the transmitted data and might lead to critical
errors in their interpretation. It is very important that all data transmitted
from the sensor nodes to the coordinator are adequately “validated” either
in hardware or software, trying to identify the “critical points” of the
system.

7) Data consistency: for large-scale BSNs, with many and heterogeneous sen-
sors, a single biophysical phenomenon may be “fragmented” and only par-
tially detectable into individual signals. This aspect arises problems of
information consistency, which must be addressed through appropriate
synchronization strategies, data fusion techniques [3], and/or mutual exclu-
sion in the access to data.

8) Interference: wireless links used in the BSN should try to minimize the inter-
ference issues and favor the coexistence of sensor nodes with other network
devices available within the radio range.

9) Biological compatibility: the wearable sensors and skin electrodes must be
biocompatible and stable, as they might operate on the user for a long
period of time without interruptions.

In addition to the hardware and software features, we highlight some aspects
that could encourage the wide diffusion and exploitation of BSN systems:

1) Costs: users expect low costs for health monitoring, yet preserving high
performance of the devices used.

2) Different levels of monitoring: users may require different levels of monitor-
ing, for example, to control the risk of ischemic heart disease or of falling
during movements. Depending on the operating mode, the energy level
required for the power supply of the devices can also vary.

3) Noninvasive easy-to-use devices: the devices must be wearable, lightweight,
and noninvasive. They should not hinder users in their daily activities; their
operation must be “transparent” to users who should ignore the details of
the monitoring task.

4) Consistent performance: sensors must be calibrated and accurate, and
they should provide consistent measurements even if the BSN is stopped
and restarted several times. Wireless links should be as robust as possi-
ble and be able to operate correctly in different (noisy) working
environments.

1.3 Typical m-Health System Architecture

Figure 1.2 shows the typical architecture of an m-Health system based on BSN
technology. It usually consists of three different tiers communicating through
wireless (or sometimes wired) channels [4].
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Tier 3

Figure 1.2 A three-tier hierarchical BSN architecture: (1) body sensor tier, (2) personal area
network tier, and (3) global network tier.

Tier 1 represents the Body Sensor Tier and includes a set of wireless wearable
medical sensor nodes composing the BSN. Each node is able to detect, sample,
and process one or more physiological signals. For example, a motion sensor for
discriminating postures, gestures, and activities; an electrocardiogram (ECG)
sensor can be used for monitoring cardiac activity; and an electroencepha-
logram (EEG) sensor for monitoring cerebral electrical activity, and so on.

Tier 2 is the Personal Area Network Tier and contains the personal coordina-
tor device (often a smartphone or a tablet, but possibly a PC) running an end-
user application. This tier is responsible for a number of functions providing a
transparent interface to the BSN, to the user, and to the upper tier. The inter-
face to the BSN provides functionalities to configure and manage the network,
such as sensor discovery and activation, sensory data recording and process-
ing, and establishment of a secure communication with both Tier 1 and Tier 3.
When the BSN has been configured, the end-user monitoring application
starts providing feedback through a user-friendly graphical and/or audio inter-
face. Finally, if there is an active channel of communication with the upper tier,
it can report raw and processed data for off-line analysis and long-term storage.
Conversely, if Internet connectivity is temporary unavailable, the coordinator
device should be able to store the data locally and perform the data transfer as
soon as the connectivity is restored.

Tier 3 is the Global Network Tier and comprises one or more remote medical
servers or a Cloud computing platform. Tier 3 usually provides services to
medical personnel for off-line analysis of a patient’s health status, real-time
notification of life-critical events and abnormal conditions, and scientific and
medical visualization of collected data. In addition, this tier can provide a web
interface for the patient itself and/or relatives too.
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1.4 Hardware Architecture of a Sensor Node

A typical sensor node architecture is shown in Figure 1.3 and consists of the
following main components:

e Sensing unit, each node usually includes one or multiple built-in sensors and an
expansion bus through which it is possible to attach further sensors that might
be necessary for specific applications. A sensor is generally composed of a
transducer and an analog-to-digital converter (see next bullet point). The
transducers are realized by exploiting the characteristics of some materials that
vary their “electrical properties” to varying environmental conditions. Many
transducers used on wireless sensor nodes are based on MEMS (Micro-
ElectroMechanical Systems) technology. MEMS sensors are more efficient and
require less power consumption with respect to piezoelectric sensors; further-
more, MEMS sensors are characterized by low production costs, although this
could lead to less precision if compared with piezoelectric sensors.

o Analog-to-Digital Converter (ADC) converts the voltage value of a trans-
ducer into a digital value, which will then be used for post-processing.

e Processing unit, the Micro-Controller Unit (MCU) of a sensor node is usually
associated with a built-in limited memory unit to improve the processing
speed and enable local online sensory data processing. The sensor node is,
therefore, able to perform signal processing such as “background noise” filter-
ing, data fusion and aggregation, and feature extraction (e.g. mean, variance,
maximum/minimum value, entropy, and signal amplitude/energy). The MCU
is also responsible for the management of the other hardware resources.

e Transceiver unit is the component that connects the node to the network. It
can be an optical or a radio frequency (RF) device. It is also possible, and
actually very useful, to use the radio with a low duty-cycle, to help reducing
the power consumption.

Transceiver
Sensor 2
.
g |
(0] —>
@ Microcontroller (MCU) ADC «— Sensor N
= <
3 i ™~
< e
Sensor 1

External memory

Figure 1.3 Typical hardware architecture of a sensor node.
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e External memory is needed to store the binary code of the program running on
the sensor node. Some sensor platforms also include a further memory (usually
a microSD flash memory) as a mass storage unit for sensory data recording.

o Power supply is the scarcest resource of a sensor node and must be preserved
as much as possible to prolong its lifetime; it could be notably supported by
a unit for energy harvesting (e.g. from solar light, heat, or vibration).

1.5 Communication Medium

In a multi-hop sensor network the nodes can interact with each other via a
wireless communication medium. One choice is to use the ISM (industrial,
scientific, and medical) radio spectrum [5], i.e. a predefined set of frequency
bands that can be used freely in many countries. Most of the sensors currently
on the market do in fact make use of a RF circuit. Another option is given by
infrared (IR) communication. On the one hand, the IR communication does
not require permits or licenses, it is protected from interference, and IR trans-
ceivers are very cheap and easy to realize. On the other hand, however, IR
requires line-of-sight between the transmitter and the receiver, which makes it
hardly usable for WSNs and BSNs as nodes very often cannot be deployed in
such a way.

1.6 Power Consumption Considerations

A sensor node is normally equipped with a very limited energy source. The
lifecycle of a sensor node heavily depends on the battery dimensions and on
the processing and communication duty-cycling. For these reasons, many
research efforts are focusing on the design of power-aware communication
protocols and algorithms, with the aim of optimizing energy consumption.
While in traditional mobile networks and ad-hoc networks energy consump-
tion is not the most important constraint, in the WSN domain it is a crucial
aspect. This is true even in the specific subdomain of the BSNs. Although it is
generally easier to recharge or replace the batteries of the wearable nodes, due
to wearability reasons, the battery dimension (and hence its capacity) is gener-
ally much smaller than in other WSN scenarios.
In a sensor node, the energy consumption is mainly due to three tasks:

o Communication: it is the most affecting factor. Low-power radios, strict
radio duty-cycling, power-aware WSN-specific communication protocols
and standards, and on-node data fusion and aggregation techniques are
critical design choices for reducing the activation of the transceiver module
as much as possible. It is worth noting that both transmission and listening/
reception time must be optimized.

7
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o Sensing: the power required to carry out the sampling depends on the nature
of the application and, as a consequence, on the type of the physical trans-
ducers involved.

e Data processing: it must be taken into account, even though the energy con-
sumed for processing a given amount of data is very small compared to the
energy requirements for transmitting the same amount of data. Experimental
studies showed that the energy cost for transmitting 1 kB of data is about the
same that would be obtained by performing 3—100 million instructions on
the sensor node microcontroller [6].

1.7 Communication Standards

The aforementioned requirements impose very tight restrictions on the type of
network protocols that can be used in WSNs. The short-range wireless
technologies are a prerequisite, given the limited power budget available for
each node. The implementation of a wireless network communication proto-
col that must be robust, fault tolerant, and capable of self-configuration even in
hostile environments represents a considerable technological challenge, which
required (and still requires) the efforts of several standardization bodies, such
as IEEE and IETF.

The IEEE 802.15.4 [7] is to date the most widely adopted standard in the
WSN domain. Indeed, it is intended to offer the fundamental lower network
layers (physical and MAC) of Wireless Personal Area Networks (WPANs)
focusing on low-cost, low-speed ubiquitous communication between
devices. The emphasis is on very low-cost communication of nearby devices
with little to no underlying infrastructure. The basic protocol conceives a
10m communication range with a transfer rate of 250kbit/s. Tradeoffs are
possible to favor more radically embedded devices with even lower power
requirements, through the definition of several physical layers. Lower trans-
fer rates of 20 and 40kbit/s were initially defined, with the 100 kbit/s rate
being added later. Even lower rates can be considered with the resulting
effect on power consumption. The main identifying feature of 802.15.4 is
the importance of achieving extremely low manufacturing and operation
costs, and technological simplicity, without sacrificing flexibility or general-
ity. Important features include real-time suitability by reservation of guar-
anteed time slots, collision avoidance through CSMA/CA, and integrated
support for secure communications. It operates on one of three possible
unlicensed frequency bands:

e 868.0—868.6 MHz: Europe, allows 1 communication channel.
e 902-928 MHz: North America, up to 30 channels.
e 2400-2483.5 MHz: Worldwide use, up to 16 channels.
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To complete the IEEE 802.15.4 standard, the ZigBee [8] protocol has been
realized. ZigBee is a low-cost, low-power, wireless mesh network standard
built upon the physical layer and medium access control defined in the 802.15.4.
It is intended to be simpler and less expensive than, for instance, Bluetooth.
ZigBee chip vendors typically sell integrated radios and microcontrollers with
60 to 256 kB flash memory. The ZigBee network layer natively supports both
star and tree networks, and generic mesh networks. Every network must have
one coordinator device. In particular, within star networks, the coordinator
must be the central node. Specifically, the ZigBee specification completes the
802.15.4 standard by adding four main components:

e Network layer, which enables the correct use of the MAC sublayer and pro-
vides a suitable interface for the application layer.

o Application layer is the highest-level layer defined by ZigBee and represents
the interface to the end users.

e ZigBee device object (ZDO) is the protocol responsible for overall device
management, security keys, and policies. It is responsible for defining the
role of a device (i.e. coordinator or end device).

o Manufacturer-defined application objects, which allow for customization
and favor total integration.

Bluetooth [9] is a proprietary open wireless technology standard for exchang-
ing data over short distances (using short wavelength radio transmissions in the
ISM band from 2400 to 2480 MHz) from fixed and mobile devices, creating
WPANs with high levels of security. Bluetooth uses a radio technology called
frequency-hopping spread spectrum, splitting the data being sent into portions
and transmitting the portions on up to 79 bands (1 MHz each). Bluetooth is a
packet-based protocol with a master—slave structure. One master may com-
municate with up to seven slaves in a so-called piconet; all devices share the
master’s clock. Packet exchange is based on the basic clock, defined by the mas-
ter. The specification also provides for the connection of two or more piconets
to form a scatternet, in which certain devices simultaneously play the master
role in one piconet and the slave role in another. Although being designed for
WPAN:S, the first versions of Bluetooth are actually suitable only for BSN sys-
tems that do not require long battery life before recharging. This is because the
Bluetooth power consumption profile is significantly higher compared with
802.15.4. Other factors limiting the use of Bluetooth in the BSN domain are the
high communication latency (typically around 100 ms) and the long setup time
(that, due to the discovery procedure, can take several seconds).

To overcome these limitations, Bluetooth released the 4.0 version that has
been called Bluetooth Low Energy (BLE) [10]. One of the BLE design driving
factors is the specific support for applications such as health care, sport, and
fitness. The promoter for such applications is the Bluetooth Special Interest
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Group in cooperation with the Continua Health Alliance. BLE operates in the
same spectrum range (2400-2480MHz) as classic Bluetooth but uses a differ-
ent set of channels. Instead of 79 1-MHz wide channels, BLE uses 40 2-MHz
wide channels. BLE is designed with two implementation alternatives: Single
mode and dual mode. Small devices like watches and sport sensors based on a
single-mode BLE implementation will take advantage of the low power con-
sumption and low production costs. However, pure BLE is not backward com-
patible with the classic Bluetooth protocol. In dual-mode implementations,
instead, the new low-energy functionality is integrated into classic Bluetooth
circuitry. The architecture will share classic Bluetooth technology radio and
antenna, enhancing current chips with the new low-energy stack.

ANT [11] is an ultra-low-power wireless communications protocol stack
operating in the 2.4GHz band. A typical ANT protocol transceiver comes
preloaded with the protocol software and must be controlled by an application
processor. It is characterized by a low computational overhead and high effi-
ciency, resulting in low power consumption by the radios supporting the pro-
tocol. Similar to BLE, ANT has been targeted for sport, wellness, and home
health monitoring, among other WSN application scenarios. To date, indeed,
ANT has been adopted in a number of commercial wrist-mounted instrumen-
tation, heart rate monitoring, speed and distance monitoring, bike computers,
and health and wellness monitoring devices.

The IEEE 802.15 WPAN Task Group 6 (BAN) [12] is developing a com-
munication standard specifically optimized for low-power devices operating
on, in, or around the human body to serve a variety of applications including
medical, consumer electronics, personal entertainment, and others. Compared
to IEEE 802.15.4, IEEE 802.15.6 focuses specifically on BSNs, addressing their
identifying characteristics such as shorter communication range (the stand-
ard supports a range of 2-5m) and larger data rate (up to 10 Mbps), which
help in decreasing power consumption and meeting safety and biofriendly
requirements.

1.8 Network Topologies

The most common network topologies adopted in the BSN domain are the
following:

e peer-to-peer

e star

e mesh

o clustered

The peer-to-peer (P2P) topology (see Figure 1.4) reflects BSN systems that do
not rely on a coordinator station to operate. It is worth noting that a pure P2P
topology is never used in practice today. Even for systems where the sensor
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Figure 1.4 Peer-to-peer
topology.

Figure 1.5 Star topology.

Figure 1.6 Mesh topology.
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nodes adopt a decentralized communication para-
digm to reach a certain common goal, there is at
least one node that interfaces with the user to
receive commands and provide some sort of feed-
back for the events generated by the BSN.

The most common network topology for a BSN
system is actually the star (see Figure 1.5). Here, the
coordinator device acts as the center of the star and
it is in charge of configuring the remote sensor
nodes (which do not communicate
among each other directly), and
gathering the sensory information.

The P2P and star topologies are
used for personal BSN applications
(e.g. health monitoring, wellness, or
sport) that do not need to interact
with other BSNs.

The mesh topology (see Figure 1.6)
is an extension of the star, where mul-
tiple BSNs may interact, and even col-
laborate, through the existence of an
underlying infrastructure consisting of
gateway nodes necessary to enable the
communication among BSNs.
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Somewhat similar to the mesh is the clustered topology (see Figure 1.7).
Here, however, different BSNs may communicate without necessarily relying
on a fixed infrastructure. In other words, the BSNs are able to communicate
directly, typically in a P2P fashion.

Mesh and clustered topologies are adopted in complex systems, which
involve different BSNs to communicate among each other. Depending on the
specific application, they are often referred to as Collaborative BSNs [13] (see
Chapter 7).

Figure 1.7 Clustered topology.
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1.9 Commercial Sensor Node Platforms

A comprehensive analysis on commercial sensor platforms for BSN applications
is out of the scope of this section. However, to provide a overview on their
current status, a brief list is summarized in Table 1.1. An interesting survey on
sensor network platforms can be found in Ref. [14].

In the following, we just briefly describe the main technical specifications of
some of the most popular sensor node architectures.

The Intel Mote [15] is among the first wireless sensor node platforms; built
on a motherboard of 3x3cm and equipped with an Intel XScale PXA270
processor with 32MB of flash memory and 32 MB of SDRAM, it allows for
high-performance computing. It integrates an 802.15.4 radio, while additional
wireless standards, such as Bluetooth and 802.11b, are supported by means of
attachable boards.

The Mica Mote [16] (see Figure 1.8), developed at the University of California
at Berkeley, is used for research and development of networks with low-power
consumption requirements. It is equipped with an Atmel ATMEGA128 micro-
controller at 4—16 MHz (on the MicaZ) with 128 kB of Flash and 4 kB of SRAM.
The radio module is based on an RF transmitter at 916.5 MHz on the Mica,
while on the CC2420 at 2.4 GHz on the MicaZ. The platform is distinguished
by the high number of additional plug-in sensor boards.

The TelosB (also known as Tmote Sky) [17] (see Figure 1.9) is an open-source
low-power wireless sensor node platform designed by the University of
California, Berkeley, for pervasive monitoring applications and for rapid proto-
typing of WSN systems. It integrates an 8 MHz Texas Instruments MSP430
microcontroller, humidity, temperature and light sensors, and an IEEE 802.15.4
compliant Chipcon CC2420 radio module.

The Shimmer nodes [18] (see Figure 1.10) are specifically designed to sup-
port wearable medical applications and provide a highly extensible platform,
by means of plug-in sensor boards, for real-time detection of movements and
changes in physiological parameters. They are among the smaller nodes on the
market and have a plastic cover that protects the internal electronics and the
battery. Furthermore, the size and the wide availability of elastic straps (e.g. for
arms, chest, wrist, waist, and ankle) makes this platform probably the most
appropriate for developing BSN-based m-Health systems. Currently, there are
four commercial revisions of the platform: Shimmer, Shimmer2, Shimmer2R,
and Shimmer3. All of them have the same MCU (TI MSP430) and the same
radio chipset (CC2420), support local storage media microSD, are powered by
a rechargeable lithium battery, and support Bluetooth communication, thanks
to a second dedicated radio module. The Shimmer3 revision is slightly differ-
ent as it uses a more powerful 24 MHz MSP430 microcontroller and includes
natively only the Bluetooth radio, while offering an expansion interface for
connecting an additional radio or a coprocessor. The Bluetooth support is an

13
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Figure 1.8 Mica Mote.

Figure 1.9 TelosB Tmote Sky.

Figure 1.10 Different revisions of the Shimmer platform.
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important aspect of this platform as it strengthens the motivation for its use in
market-ready m-Health systems, since current smartphones and tablets do
have Bluetooth connectivity, but do not support the IEEE 802.15.4 standard.

1.10 Biophysiological Signals and Sensors

There exist several and very different vital signs and biophysiological parame-
ters. Some of them are very useful for realizing effective smart-Health systems.
Among the main parameters of interest, there are:

blood pressure

blood oxygenation

blood glucose concentration
body temperature

brain activity

thoracic impedance
breathing rate

breathing volume

cardiac electric activity
heart rate

skin conductivity

muscle activity

posture and physical activities

There exist wearable noninvasive sensors that can be used to measure,
directly or indirectly, each of the aforementioned parameters. One or multiple
sensors are typically included in the basic sensor platforms and additional
sensors may be integrated through expansion interfaces. In particular, the
following physical sensors have been commonly used in research and indus-
trial m-Health systems:

o Accelerometers for measuring body movements and gestures. In recent years,
the importance of these sensors increased significantly, as they perfectly fit
for several medical, sport, fitness, and wellness applications. The operating
principle is based on the detection of the inertia of a mass when subjected to
acceleration [19]. Popular accelerometer sensors are today able to detect
accelerations over the three axes, although there are also two-axis and one-
axis accelerometers.

e Gyroscopes for measuring angular velocity. Three-axis, two-axis, and one-
axis gyros are commonly available. Gyroscopes are relatively immune to
environmental interferences and, therefore, have been widely accepted in
medical devices [20].

o Thermal sensors, a family of sensors that are used to measure temperatures
or heat fluxes [19].



1.11 BSN Application Domains

e Electrodes for monitoring cardiac activity (ECG), brain activity (EEG),
respiratory activity (electrical impedance plethysmogram — EIP), muscle
activity (electromyogram — EMG), and emotions (galvanik skin response — GSR).
They must be applied directly on the skin, typically with disposable adhesive
leads that contain a drop of conductive gel.

e Photoplethysmography (PPG) sensors, they are used as an indirect method to
measure cardiovascular parameters such as pulse rate, blood oxygenation,
and blood pressure [21]. They are realized as clips with a light emitting diode
(LED) and a photosensible sensor placed at the two terminals. The clip is
usually attached to the earlobe or the finger. The operating principle is based
on the fact that the blood absorbs or reflects part of the emitted light and the
variation of the blood volume caused by heart beats modulates the amount
of transmitted or reflected light.

1.11 BSN Application Domains

Comprehensive overviews of several BSN applications can be found in Refs.
[22-24]. A few surveys on wearable sensor-based systems have been published
to date. For example, in Ref. [22] the focus of the survey is on the functional
perspective of the analyzed systems (i.e. what kind of applications they target).
In this work, systems are divided into commercial products and research
projects, and also grouped on the basis of hardware characteristics: Wired
electrode-based, smart textiles, wireless mote-based, and based on sensors
found in commercial smartphones. In another frequently cited survey work
[23], the attention is focused on the hardware components and the application
scenarios. Analyzed projects are classified into (i) in-body (implantable),
(ii) on-body medical, and (iii) on-body nonmedical systems.

Hence, to provide a different point of view, in the following, we will introduce
a categorization on the main application domains in which the BSN technology
can play a critical role. Moreover, a summary of some literature BSN systems is
reported in Table 1.2.

As aforementioned, BSNs enable a very wide range of application scenarios.
We can categorize them into different application domains:

e-Health
e-Emergency
e-Entertainment
e-Sport
e-Factory
e-Sociality

e-Health applications include physical activity recognition, gait analysis, post-
trauma rehabilitation after surgeries, cardiac and respiratory diseases prevention

17
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20 | 7 Body Sensor Networks

and early detection, remote elderly assistance and monitoring, sleep quality
monitoring and sleep apnea detection, and even emotion recognition [36].

e-Emergency refers to applications, e.g. for supporting firefighters and response
teams in large-scale disasters due to earthquakes, landslides, and terrorist
attacks [37].

e-Entertainment domain refers to human—computer interaction systems typi-
cally based on BSNss for real-time motion and gesture recognition, eye track-
ing, and, more recently, mood and emotion recognition [38, 39].

e-Sport applications are related to the e-Health domain, although they have a
nonmedical focus. They include personal e-fitness applications for amateur
and professional athletes as well as enterprise systems for professional fit-
ness clubs and sport teams offering advanced performance monitoring
services for their athletes [40].

e-Factory is a slowly emerging domain involving industrial process manage-
ment and monitoring, and workers’ safety and collaboration support [41].

Finally, the e-Sociality domain involves the recognition of human emotions and
cognitive states to enable new forms of social interactions. An interesting
example is a system for tracking interactions between two meeting people by
detecting, in a collaborative fashion, handshakes and, subsequently, monitor-
ing their social and emotional interactions [42].

1.12 Summary

This chapter has provided an overview of the current state-of-the-art of the BSN
domain. We have first introduced the motivations for the BSN technology. We
then provided a description of the most important hardware and software
requirements of BSN systems, typical m-Health system architecture and, more
in detail, the common schematic architecture of a wireless sensor node. In addi-
tion, most popular BSN network topologies, communication protocols and
standards, and commercial sensor platforms have been introduced. Furthermore,
particular attention has been given to the main biophysiological signals and the
corresponding physical sensors for their acquisition. Finally, the chapter has pro-
vided a categorization of the most relevant BSN application domains and sum-
marized a number of related commercial products and research projects.
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