
I. Introduction

The Internet of Things (IoT) is a new concept, providing the 
possibility of healthcare monitoring using wearable devices. 
The IoT is defined as the network of physical objects which 
are supported by embedded technology for data communi-
cation and sensors to interact with both internal and exter-
nal objects states and the environment [1].
	 In the last decade, wearable devices have attracted much 
attention from the academic community and industry and 
have recently become very popular. The most relevant defi-
nition of wearable electronics is the following: “devices that 
can be worn or mated with human skin to continuously and 
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closely monitor an individual’s activities, without interrupt-
ing or limiting the user’s motions” [2]. Table 1 provides more 
transparent information on the importance of wearable de-
vices and the IoT market [3-5].
	 Today, the range of wearable systems, including micro-sen-
sors seamlessly integrated into textiles, consumer electronics 
embedded in fashionable clothes [6], computerized watches, 
belt-worn personal computers (PCs) with a head mounted 
display [7], glasses [8], which are worn on various parts of 
the body [9] are designed for broadband operation. The field 
of wearable health monitoring systems is moving toward 
minimizing the size of wearable devices, measuring more 
vital signs, and sending secure and reliable data through 
smartphone technology. Although there has been an interest 
in observing comprehensive bio/non-bio medical data for 
the full monitoring of environmental, fitness, and medical 
data recently [10], but one obvious application of wearable 
systems is the monitoring of physiological parameters in the 
mobile environment. The majority of commercially avail-
able wearable devices are one-lead applications to monitor 
vital signs. However, most of such recreational devices are 
not suitable for the medical monitoring of high risk patients. 
Those devices that have been qualified for medical use are 
usually simple [11].
	 The objective of this paper is to review wearable health care 
devices both in scientific papers and commercial efforts. 
Our aim is to address the most important wearable devices, 
which measure effective parameters in health status directly. 
Readers can obtain comprehensive and useful information 
on the most reliable currently available devices and technical 
concepts in this area. 
	 The rest of this review paper is organized as follows. The 
need for health monitoring when the user is in motion and 
under changing environmental conditions are investigated in 
Section II. In Section III recent research efforts in wearable 
devices are presented in three subsections. The first subsec-

tion discusses motion tracking and the research approaches 
and implementations in this area, and then some of the most 
recent commercial devices are compared. We then discuss 
the monitoring of environmental conditions and vital signs 
through wearable devices in subsections 2 and 3. In Section 
IV, the challenges of potentially available devices are dis-
cussed. Conclusion are finally summarized with suggestions 
for future works.

II. Wearable Devices in Health Monitoring

In today’s world, where time is precious, people, the work-
ing class especially, spend most of the day shuttling between 
various tasks and tend to ignore their health and fitness [6]. 
Even a simple appointment with a doctor in a clinic can re-
quire several tests set for diagnosis, prescription, and finally 
treatment, which can take a lot of time. Therefore, many 
patients only go to a clinic when they are suffering from a 
serious illness. Hence, many people are seeking for an alter-
native, such as a device that can be worn on the body, which 
would not only continuously monitor the user’s health in 
real time but also provide timely insights on various health 
parameters to the user as well as his or her physician [6].

1. Motion Trackers
The measurement of human movement (motion track-
ing) has several useful applications in sports, medical, and 
other branches of studies. Such applications include fall risk 
assessment, quantifying sports exercise, studying people 
habits, and monitoring the elderly. Wearable trackers are be-
coming increasingly popular for two main reasons. They can 
motivate the user during the daily workout to perform more 
exercise, while providing activity measurement informa-
tion through a smartphone without manual calculation [12]. 
Also, they enable the wearer to become aware of the daily 
distance walked, which is very useful to ensure that the user 

Table 1. Importance of wearable devices and Internet of Thing (IoT) in market

2013 2016 2020 (expected) Reference

IoT market $1.3 trillion - $3.04 trillion International Data  
Corporation (IDC)

Ready installed and connected base of  
IoT devices

- - $30 billion International Data  
Corporation (IDC)

Devices connected to the Internet - - $50 billion Cisco IBSG
Wearables to be connected to their  

networks
- 42% of all wearable 

devices
- Infonetics Research
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maintains sufficient activity in the daily routine to maintain 
a healthy life. In particular, to accurately observe motion of 
the human body, 3-axis accelerometers, magnetometers, and 
gyroscopes sensors obtain data, each for a specific purpose. 
These sensors can be used for human activity recognition in 
the ubiquitous computing domain as well [13]. Gyroscopes 
and magnetometers are auxiliary sensors that can be sepa-
rately be combined with accelerometers to compensate the 
lack of accuracy in obtained data for motion tracking. In 
most cases, the combination of these three sensors lead to 
9DoF. 
	 Human motion detection has a wide range of application, 
from sports and recreation to biomedical. In recent years, 
consumer electronics have employed many semiconductor-
based tracking system to allow users to access various kinds 
of interface control that use body motions and gestures 
[14]. An important application of motion tracking is health 
care. However, due to need for high accuracy in the bio-
medical field, these devices are not typically designed only 
for medical application. The initial concept of using uniaxial 
accelerometer sensors in motion tracking was introduced in 
1996 by Veltink and Boom [15]. To introduce the concept of 
motion tracking in the medical application world, multiple 
clinical studies have been performed on posture estimation 
using accelerometers [16-18]. An accelerometer alone can-
not provide precise information; therefore, in 1997, research-
ers improved the performance of trackers and integrated 
semiconductor-based gyroscopes to perform bio-mechanical 
assessments and gait analysis [19]. Four years later in 2002, 
Mayagoitia et al. [20] introduced the initial framework of 
tracking lower extremities with a fusion of accelerometers 
and gyroscopes in the 2D sagittal plane. When the trackers 
became more reliable using an integrated gyroscope, the 
primary focus for clinical applications using inertial motion 
tracking was gait analysis [21]. To apply this device for clini-
cal purposes, and in particular gait motion, gravity sensitive 
accelerometers are used to estimate the tilt angles between 
the gravity vector and the sensor’s axes [19]. The first ver-
sion of the most recently integrated sensors (accelerometer, 
gyroscope, and magnetometer) which provide very accurate 
data with 9DoF, was proposed in 2006 by Roetenberg [22]. 
He proposed using a set of tri-axial accelerometers, tri-axial 
gyroscopes, and a magnetometer to estimate and monitor 
human motion. 
	 A few 9DoF wireless inertial measurement units (IMUs) 
are commercially available and have been used for research 
projects [23-25]. Due to the high risk of falling in the elderly, 
motion trackers as wearable devices are used in medical 

health monitoring for fall detection.

1) Motion measurement in body tracking
A new design was presented by Bertolotti et al. [26] to ap-
ply for objective measurements of trunk or limb movements 
for the assessment of human body balance and control 
abilities. This system is based on a 72 MHz, 32-bit CPU 
(STM32F303VC; STMicroelectronics, Geneva, Switzerland) 
embedding a high performance ARM CortexM4, 32-bit 
RISC core, with the potential of supporting several sensors 
externally with high performance in both SPI and I2C mode. 
In this research, the sensor components (STMicroelectronics 
sensors) have a linear range and a sensitivity that allow prop-
er measurement of body movements. Online processing, in 
the sense of data acquisition from different sensors, filtering, 
and data generation are performed at a high frequency of 
up to 72 MHz. Body movements are measured using 9DoF 
sensors: three inertial sensors, an accelerometer, a magne-
tometer, and a gyroscope. The full-scale values of the sensors 
can be modified by means of specific commands sent by the 
microcontroller [27,28]. The size of the whole device, includ-
ing all components in the box (circuit board, the Bluetooth 
module, and the battery) are 60 mm × 35 mm × 20 mm. The 
box is made of transparent plastic to allow the observation of 
LED indicators working on the board. The device proposed 
and implemented by this research group was designed to 
be used for three kinds of movement monitoring. The first 
and second types of movement monitoring are referred to 
as short- and long-term data monitoring. In the first type, 
the device is only connected to a PC to observe the results. 
In the second case, data are observed and locally stored for 
long-term monitoring. In the third type, the most important 
component is the body network, i.e. multiple units deployed 
on the subject’s body and wired to a gateway unit, which 
can have a local memory or a wireless connection to a PC or 
hand-held device (full body monitoring of exercises) [29].

2) ‌�Commercially available user devices applied in research 
papers

The following two subsections report on the advantages and 
disadvantages of commercially available devices and the 
tools that have been used in research for performance evalu-
ation.

(1) ‌�Part 1: Comparison of nine motion tracking devices  
applied in research 

In the first part, nine devices with different evaluated pa-
rameters are presented in Table 1 and are compared [29]. To 
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identify the benefits, some expected merits have to be deter-
mined and comparison is performed based on it. Long-term 
monitoring for further diagnosis is one of the main purposes 
of health care monitoring. To achieve this aim, a device has 
to store data temporarily in memory and send it to a cloud 
computing or medical station to be stored permanently. To 
fulfill these necessities, data buffering, which requires SD 
memory and RAM are of concern. On the other hand, for 
data transmission, Bluetooth and Wi-Fi compatibility are es-
sential.
	 Many of these devices come only with customized soft-
ware application. Some of them allow a user to build his/her 
commercially devices own application on it but others. A 
characteristic that, at the first glance, does not sound crucial 
is the firmware. To take full advantage of a development kit, 
in some cases, customization is necessary, but not all device 
manufacturers provide such compatibility.
	 Here, the nine devices that have been used and investigated 
in research are introduced, and important features are stud-
ied. Wearable devices are restricted by several factors. The 
most critical elements are size, battery life, weight, and capa-
bility of adding on-board sensors. In Table 2, all mentioned 
elements are compared, and additional parameters, includ-
ing connectivity, software, and firmware compatibility are 
taken into consideration.
	 Table 2 presents nine commercially available wireless 
motion trackers that have been used in research and are 
produced by various companies and manufacturers (Mo-
tionNode Bus [30], Opal [31], MTw development kit [32], 
Memsense W2 IM2 [33], STT-IBS [34], Colibry wireless [35], 
I2M motion SXT [36], Shimmer 3 [37], Physilog [38]). We 
have attempted to present the most recent research works 
and devices in the market. 

(2) ‌�Part 2: Comparison of four top wrist-worn device  
commercially available in market

In this subsection, the most popular and recent commercial 
motion trackers are compared [27]. First, the four most pop-
ular wristband-style wearable commercial devices—Fitbit 
Flex, Withings Pulse, Misfit Shine, and Jawbone Up24 (Figure 
1)—are introduced and briefly described. Then, according to 
the previously mentioned merits, these commercial devices 
are compared [31]. An important requirement from wearers 
is the visualization of actual and real data. Therefore, the ac-
curacy of fitness tracking is one of the key factors of device 
selection. According to the quality of the used components 
and software, some devices perform better than others. Ob-
tained experimental results from each device, are used to 

study both the accuracy and ease-of-use of the four wearable 
devices. This study was performed in Korea. The devices for 
experiments were selected among the 10 top available wear-
able device in the market. The four wearable devices consid-
ered in the experiments [25,39] were selected randomly. The 
four devices are described in detail below. Further informa-
tion is summarized in Table 3, which briefly compares the 
features of the four wearable devices. The commercial name 
of device, country of manufacturing, tasks ability, and price 
are provided for each one. 
	 In Table 4, the features and communication mode of these 
four popular wearable devices are summarized. The purpose 
of the table is easy comparison of the devices [40-43].

2. Vital Signs Measurement 
Many wearable devices have been implemented to measure 
critical elements in healthcare monitoring. The majority 
of these devices are in one lead such as electrocardiogram 
(ECG) and electroencephalogram (EEG) measurement, skin 
temperature, etc. There have been recent efforts in wearable 
devices to provide multi-task vital signs measurement. Here, 
we present the most creative and recent papers in this area. 
	 Many devices, structures, designs, and solutions for remote 
wearable ECG monitoring, which plays a vital role in health 

Misfit Fitbit

Withings Jawbone

A B

C D

E

Figure 1. ‌�(A-D) Four popular motion tracker wearable devices. (E) 
Four popular motion tracker wearable devices wrist-
worn.
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monitoring have been proposed in the literature and indus-
try. Generally, these solution are hard to implement and are 
not efficient enough in power consumption or performance. 
Some of them are remarkable but do not have the possibility 
of merging with other out signals from different systems.

1) Body-worn smart clothing
To obtain health care status’s signals from various physi-
ological indicators due to forming a source data center for 
comprehensive health monitoring, a ‘smart clothing’ design 
was presented in [44]. To make smart clothing systems intel-
ligent, an infrastructure incorporating smartphones, mobile 
applications, cloud computing, and big data analytic is re-
quired to communicate in the structured design [45].
	 Although several research approaches in the field of health 
monitoring have been proposed and implemented, the 
existing solutions in different aspects have failed for long-
term health monitoring [45]. Traditional health monitoring, 
which often collects one or a very limited number of physi-
ological signals, is not very useful for chronic diseases in a 
full-range health monitoring system. 
	 Sensor deployment on the body is the main difference 

between old wearable devices and smart clothing [45]. In 
smart clothing, all sensors which are used to measure the 
vital signs are integrated into textile clothing. Sensor place-
ment is a critical point that has to be performed properly. To 
provide efficiency and a well-formed design, the quality of 
the used sensors, proper positioning, layout of flexible elec-
tricity cable, weak signal acquisition equipment, low-power 
wireless communications, and user comfort [45] are crucial 
factors. The fabric of the smart clothing to be worn, has to be 
comfortable. In this design, it has been tried to measure only 
vital and necessary parameters. Now the used sensors and 
also the location they are placed on the body are described 
(Figure 2).

(1) Sensors placement 
In Table 5, the position and task of each deployed sensor in 
smart clothing is summarized.
	 When all sensors are positioned appropriately, each sensor 
must be wrapped by a flexible covering layer to protect the 
sensor and to make the device comfortable to be worn by the 
user. Further textile electrodes touch the user’s skin to sense 
and transmit the data. These electrodes must be sewn on 

Table 4. Features and communication modes of four commercial wearable devices

Device Feature Communication mode Price

Fitbit Flex Step counting and quality of steps, small size, wrist 
worn

Wireless-connection to mobile  
application only

$100

Withings Pulse Step counting, distance traveling, recording sleep time 
Measuring heart rate and percentage of the optimal 

sleep hours

Wi-Fi-enabled $120

Misfit Shine Step counting, distance measurement and daily calories 
burnt, sleep tracker monitoring and hours of light as 
well as deep sleep

Compatible with Android as well  
as the iPhone

$100

Jawbone Tracking user’s sleep data, eating habits, calories 
burned, and daily activity, including step counting 
and distance travelled

Bluetooth $100

Table 3. Features of four wearable devices

Jawbone Fitbit Withings Misfit

Price in market ($) 150 100 100 95
Weight (g) 19 16.4 8 9.4
Battery life (month) 4–6 4–6 6 3
Rechargable battery Yes Yes Yes No
Changable battery No No No Yes
Usable time per charge Up to 10 days Up to 14 days Up to 14 days Up to 180 days
Dimensions (inch) 6.1*6.1 6.3*8.2 1.7*0.87*0.33 1.08*0.13*1.08
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the cloth from the inside. Once the sensors and devices are 
powered on, they will come into operation. It is possible to 
wash smart clothing (Figure 3). However, it should be noted 
that some components are not washable and waterproof, but 
these can be removed easily by the wearer, and reinstallation 
is straightforward [44].
	 There are three major drawbacks to smart clothing: 
	 - ‌�Intra-smart-clothing system: In the first step, it is neces-

sary to consider the wearer’s physical body shape, type of 
disease to be monitored, and daily habits [45]. In fact, in 
many cases, it is necessary to customize the smart cloth-
ing for the applicant. In addition, technical feasibility, 
comfort level, and cost effectiveness are serious concerns 
for the manufacturer.

	 - ‌�Communications for inter-smart clothing: A device 
structure design brings the user benefits when it can com-
municate with the outside world and transmit data. Inter 
smart-clothing design focuses on the communication 
problem of interconnecting smart clothing with the out-
side world. It is the intermediate level of structure device 
for the closed-loop system of smart clothing to be con-
nected to cloud. The second use of this level could assist 

connection to a local medical center. 
	 - ‌�Beyond-smart-clothing (BSC) on clouds: To complete the 

procedure of data collection, transmission, and analysis, 
cloud computing is essential. In fact, according to some 

WiFi

Smart clothing

Smart phone

Communication
gateway

Health cloud data center

Local healthcare
service provider

Medical advisor

Immediate family

Energency
medical aid

Remote access to
health information

Figure 2. ‌�Smart clothing in communi-
cation with outside world.

Table 5. Used sensor position and task in smart cloth

Sensor Spot on body Sensor’s task

Pulse Wrist Photoelectric volume pulse wave signals  
measurement

Body temperature Under arm seam Body temperature
ECG Chest and ribs Vital sign
Myocardial Left chest Complement for the ECG, measure the body’s  

myocardial signal
Blood oxygen Triceps muscle of left or right arm Measures the volume of oxygen in blood
EEG Left or right forehead and left or right back  

side of head
Detect abnormalities related to electrical activity  

of the brain
ECG: electrocardiogram, EEG: electroencephalogram.

2 3

4

1 1

4. ECG with wireless
communication

3. Flexible conductive fibers

2. Electrode cable

1. Textile dry dielectric
1 1

Figure 3. Washable smart clothing.
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pre-defined algorithms, data are sent to a medical center, 
appropriate decisions are taken by medical doctors, phy-
sicians, or other healthcare professionals. In emergency 
cases, some feedback must be sent to the user to inform 
him or her about his/her health’s status. Thus, cloud com-
puting is integrated in BSC [46]. There are various tech-
nological possibilities for the basis of BSC, such as cloud 
computing, big data, machine learning, etc. [44].

2) ‌�Wire-based wearable devices: limited physiological and 
environmental parameters measurement

In [47], a novel approach to medical monitoring was in-
troduced by Sanfilippo and Pettersen. The methodology is 
wire-based and many vital signs are measured. This wear-
able integrated health-monitoring system is based on the 
e-Health Sensor Platform [48] V2.0, which is the first bio-
metric shield for Arduino and Raspberry Pi. However this 
device is not licensed for medical health monitoring. The 
system allows researchers to measure and investigate health 
through body monitoring by using 10 sensors to observe vi-
tal signs and perform motion tracking. EEG, ECG, and body 
temperature measurement are carried out by these sensors, 
which are connected to the platform. A push button is con-
sidered for emergency cases. Collected data are used in two 
scenarios. In the first, the user is monitored in real time, and 
in the second, sensitive data are transmitted to be analyzed 
for medical diagnosis.
	 In this paper, a wearable health sensor monitoring system 
based on a multi-sensor fusion approach is outlined. The 
implemented device consists of a chest-worn device that 
embeds a controller board, an ECG sensor, a temperature 
sensor, an accelerometer, a vibration motor, a color-changing 
light-emitting diode (LED), and a push-button [47]. 
	 The embedded vibration motor makes it possible to actuate 
distinctive haptic feedback patterns according to the wearer’s 
health state. Haptic feedback, informs the wearer about his 
or her health status in three different states. When it does 
not vibrate, it indicates a normal state; through low-frequen-
cy and high-frequency vibration, abnormal data observation 
and potential risk are indicated, respectively [49]. 
	 To address privacy concerns, data is encrypted before 
transmission. Data collected for permanent storage are sent 
to cloud storage, while data to be visualized in real-time, are 
sent directly to a laptop or smart phone. 
	 The structural framework is based on a multi-sensor fusion 
approach. In particular, a client-server pattern is adopted 
in [47]. A chest-worn device, comprising an Arduino Uno 
board based on the ATmega328 micro-controller, an Ar-

duino Wi-Fi Shield, e-Health Sensor Shield, a vibrating mo-
tor, and push button, operates as a client and remotely com-
municates with a server. The server is implemented in three 
levels of logic and communication.
	 The device structure is implemented in three layers (Figure 
4). The bottom and basic layer is Arduino ATmega328. To 
enable communication capabilities to this proposed wearable 
device, an Arduino Wi-Fi Shield [50] is stacked on top of the 
adopted controller board, which forms the second layer. In 
detail, the Arduino Wi-Fi Shield allows the client to commu-
nicate with the server by using the 802.11 wireless specifica-
tion (Wi-Fi) [48]. The communication between the Arduino 
Wi-Fi Shield and the Arduino Uno board uses long wire-
wrap headers that extend through the shield. The third and 
top layer is implemented when the wearer’s biometric data 
are gathered, and an e-Health Sensor Shield [51] is stacked 
on top of the adopted communication module. 

III. ‌�Challenges and Bottlenecks for  
Medical IoT

Leading wearable devices based on IoT platforms must 
provide simple, powerful application access to IoT devices. 
Many platforms and structures have been proposed by the 
scientific community, and commercial devices are already 
available for bio-metric/medical parameter measurement. 
However, there are serious challenges in this way. The fol-
lowing are four key capabilities that leading platforms must 
enable:
	 - ‌�Simple and secure connectivity: A good IoT platform is 

expected to provide easy connection of devices and per-
form device management functions in three levels of data 
collection, data transmission to a hub, and permanent 
storage and observation in a medical station. These steps 
must be secured; therefore, data encryption is necessary. 

	 - ‌�Power consumption: To provide the wearer with easy de-
vice management and long-term monitoring without in-

Figure 4. ‌�Arduino Uno board (an Arduino Wi-Fi Shield, e-Health 
Sensor Shield).
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terruption, power loss is becoming more important. This 
is strictly correlated to the number of parameters that are 
observed, efficient code programming, as well as good 
data packing, encryption, and compression.

	 - ‌�Wearability: Wearable devices have been designed for 
various types of bio-medical monitoring to assisting users 
in living long, healthy lives. This point is more significant 
when these devices are intended to be worn by elderly us-
ers. Therefore, such devices must be easy to wear, easy to 
carry, and comfortable. These requirements are fulfilled 
with a light, small, and well-structured device. A wear-
able device is expected to be small and light weight, and 
should be able to be used for a long time.

	 - ‌�Reduced risk in data loss: When data is collected by a 
microcontroller and transmitted to a smartphone or 
cloud storage, there is a possibility of disconnection and 
consequently data loss. This must be reduced as much 
as possible to provide safe health monitoring. It may be 
possible through temporary data saving (buffering) in the 
microcontroller providing a large memory.

IV. Conclusion

Wearable devices are becoming popular in various fields 
from sport and fitness to health monitoring. In particular, 
due to the increasing elderly population throughout the 
world, wearable devices are becoming important for long-
term health monitoring. The main aim of this work was to 
give a comprehensive overview of this area of research and to 
report the full range of tools in area of wearable health mon-
itoring devices. In this review paper, we have reported both 
research works and commercial devices to study and inves-
tigate the currently available technology. In preparing this 
paper, we studied the literature from various points of view. 
Based on consultation with expert scientists in environmen-
tal engineering and medicine, we believe that, motion track-
ers, gas detectors, and vital signs are the most important 
elements in health monitoring; therefore, to achieve the full 
range of health monitoring, all these parameters were stud-
ied. In each field, a variety of methodologies are employed, 
but not all are efficient and effective. The most important 
criteria in this study was the possibility of using the device in 
the real world, performance, efficiency, and power consump-
tion. In addition, we considered the price of each device. Fi-
nally, the most challenging bottleneck and some conclusions 
regarding the promising future in the IoT is presented. 
	 Among all implemented works so far, no efficient solu-
tion has been proposed for comprehensive monitoring in 

gas detection, motion tracking, and vital sign monitoring to 
integrate all these into a single device. It might be possible to 
realize this in future work by creating a system with follow-
ing characteristics:
	 - ‌�#MULTIPLE sensors on ONE sensor node,
	 - ‌�#MULTIPLE nodes on ONE individual,
	 - ‌�#MULTIPLE individuals on ONE cloud system.
	 Monitoring of an individual with number of parameters 
in his working/living environment is possible. Moreover, 
computational models and software development for data 
encryption and data compression have to be investigated for 
more efficiency. In the first scenario above, which seems to 
be the best approach, there are serious restrictions in avail-
able sensors. To realize this wearable possibility, appropriate 
components must be located properly and must function 
well. In the second scenario, tasks can be dedicated to each 
node. For instance, motion tracking sensors can be imple-
mented on one sensor node, and vital sign monitoring can 
be implemented on another. The third scenario is merging 
of the first and second methodology, which could widen the 
range of users and the range of practical application.
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