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Abstract—In the medical healthcare system, wireless body
area network (WBAN) is used to monitor the fall event of
a patient by sensing his/her body state orientation (stand or
fall posture). However, for a conventional WBAN, the only
way to communicate with the doctors’ computers or hospital’s
servers is through the local gateway. Hence, the reliability of
the WBAN is greatly dependent on the life span of the gateway.
In this paper, a selective gateway method based on the residual
energy of the sensor nodes has been proposed. By changing the
gateway, the lifetime of the WBAN can be extended. To further
increase the lifetime of the WBAN, a thermal energy harvesting
system has been proposed to harvest heat energy from human
warmth. Energy harvested using the thermoelectric generator
(TEG) is stored in an energy storage device until sufficient
energy is available. Based on the experimental test results
obtained, the accumulated energy is around 1.369 mJ to power
the loads comprising of sensor, RF transmitter and its associated
electronic circuits. The sensed information is transmitted in 5
digital words of 12-bit data across a transmission period of 120
msec. The receiver platform displays the patient identification
number and sounds out an alarm buzzer for aid if a fall event
is detected.

I. INTRODUCTION

Pervasive computing, ubiquitous computing and ambient
intelligence are concepts evolving in a plethora of appli-
cations in medical health care such as to improve the
traditional way medical staffs interact with their patients
and the elderly [1]. By deploying self-organized wireless
physiological-monitoring hardware/software systems, contin-
ual patient monitoring in certain types of patient postures
becomes convenient to assure timely intervention by a health-
care practitioner or a physician. Take for an example, cardiac
patients wearing electrocardiogram (ECG) sensor systems
can be monitored remotely without leaving their residence.
Based on the application needs, the healthcare sensor systems
can be either a stand-alone system such as Wireless Body
Area Network (WBAN) or a part of a Global Healthcare
system [2] to be connected directly or indirectly to the
Internet at all times, which allows medical staff to timely
acquire arrhythmia events and abnormal ECG signals for cor-
recting medical procedures. Moreover, physiological records
are collected over a long period of time so that physicians
can provide accurate diagnoses and correct treatment.

Various research works have been reported on develop-
ing a pervasive sensor network for medical healthcare [3]
[4], which consist of wireless healthcare sensor systems

conforming to the human body, integration of different
wireless networks with various transmission techniques and
development of healthcare applications over these types of
networks . According to a literature review paper [5], there
are rich research interests on the wireless sensory systems
in the form of wearable mobile devices for monitoring of
human physiological data or vital signs as well as behavioral
data. Hence the key target of this paper is the realization
of a WBAN, a kind of wireless sensor networks (WSNs),
where tiny sensor nodes are deployed on the surface or
implanted inside human body to monitor vital signals for
medical health diagnosis. Star-topology network is a popular
option for WBAN where the central node gathers and records
the sensing information as shown in Figure.1. An individual
body area network can also engage in a global medical
healthcare system, in which data gathered from sensor nodes
is sent through gateway to hospitals or clinics and assists
doctors to monitor and diagnose patient’s health condition.

Recent developments in the communication technologies
have made it possible to support accurate operation and
long lifetime of WBANs. Besides, network performance
has been greatly affected by the available energy supply
which is battery in most cases. The limited energy supply
on sensor nodes becomes the bottleneck for measurement,
data transmission, network connection and lifetime. One
method to prolong the lifetime of the node is to increase
the energy capacity of battery. Unfortunately, the capacity
of battery is proportional to its size and weight; tiny sensor
nodes used in body area network to be carried by human
require small form factor, hence solely dependent on battery
is not able to sustain the operation of the sensor node. The
development of energy harvesters is one of the keystones
of the global ongoing research on pervasive and ubiquitous
computing [7], as this would make the wireless sensing
devices meshed in network form to be self-powered and cost
effective. Incorporating with a proper energy storage device,
the solution of using energy harvester will be able to be
applied in body area network for healthcare monitoring.

In this paper, we first study the WBAN characteristics
and understand its associated challenges. Based on that, the
thermal energy harvesting system to scavenge energy from
human warmth is then designed and implemented for pow-
ering the sensor node used for detecting the fall event of a
patient or an elderly. Once a fall event is detected, a warning
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signal is sent out in a wireless manner to seek for medical
attention. The rest of the paper is organized as follows.
In Section II, the details of the WBAN used in medical
healthcare system are described. Section III discusses on
the design of the human warmth energy harvesting system.
The experimental results are then demonstrated in Section
IV with a conclusion in section V.
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Fig. 2. Overall Structure of a Typical Wireless Sensor Node Powered by
Thermal Energy Harvesting

II. WIRELESS BODY AREA NETWORK IN MEDICAL
HEALTHCARE SYSTEM

Wireless body area network (WBAN) has been integrated
into various human related applications like (1) medical
healthcare services, (2) assistance to people with disabilities
and (3) body interaction and entertainment [8] to promote
healthy lifestyle. On top of that, there are other benefits with
integrated WBAN which include having seamless integration
of data into individual personal medical records and research
databases as well as discovering useful medical knowledge
through data mining. In a WBAN, there are several sensor
nodes, which comprises of a RF transceiver, a processing unit
and some sensors, deployed on the human being in a star net-
work form as illustrated in Figure.1. Various vital signs and
healthcare data are collected for medical diagnosis purposes
using different types of physiological sensors onboard of
the sensor nodes like electrocardiogram (ECG) sensor, elec-
tromyography (EMG) sensor, electroencephalography (EEG)
sensor, blood pressure sensor, tilt sensor, breathing sensor,
movement sensor, thermometer, etc.
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Unlike a conventional WSN, which has wide coverage area

in terms of tens or hundreds of m? supported by many sensor
nodes, the sensor nodes of a WBAN are deployed either
outside human body and form a wearable WBAN or operate
within human body to form an implant WBAN. The coverage
range of the sensor nodes in a WBAN is designed to be
within the area of human body of fews m? with small number
of nodes used to monitor the vital signs of the patients.
Therefore, WBAN has to face some of its research challenges
[7] such as power consumption, biocompatibility, reliable
data collection, security, context awareness, small size and
weight, etc. These research challenges raise the need of
developing new wireless communication technologies rather
than the available standardized technologies such as Wireless
Local Area Network (WLAN), Bluetooth, Wireless Personal
Area Network (WPAN), etc. Currently, a new standardiza-
tion of wireless communication technology for body area
network, IEEE 802.15.6 [8], is under construction which
focuses on scalable and reliable medium access control, low
power consumption with energy harvestable power source,
high quality of service, medical authorized radio frequency
band, and safety for human body.

In a typical medical healthcare system with integrated
wireless body area network (WBAN), the status of the
patient is monitored regularly and reported back to the
doctors timely through the wireless communication media.
In order to have a consistent monitoring of the patient, it is
important to maintain good connectivity between the sensory
system mounted on the human body and the base station
connected to the doctors. However, as mentioned before,
power consumption is a crucial issue in WBAN. Depending
on the application and the operation of the sensor nodes in
WBAN, the power consumption varies accordingly with the
different components of the sensor nodes. Among the various
components, radio transceiver consumes the most amount of
energy during its active mode in transmitting or receiving
operation. Hence, an efficient energy communication proto-
col is required to save power consumption of each sensor
node and prolong the network lifetime.

In [10], a low power medium access control (MAC)
protocol has been developed to deal with the wasted energy
due to inter and intra network collisions. The result shows
that the carrier sense multiple access/collision avoidance
(CSMA/CA) technique achieves lower power consumption
compared with the time division multiple access (TDMA)
technique. When a hybrid mode of the two techniques has
been implemented, more energy saving is accomplished thus
can be used in WBAN application. Usually, for a WBAN
deployed on a human body, sensor nodes are organized in
a single-hop star topology where one node becomes a local
gateway to collect data from all other nodes and send this
information to a base station, which is a hospital’s server
or a doctor’s computer. The local gateway is typically a
mobile device like PDA, which is very costly and it requires
a separate communication device to be compatible with other
body sensor nodes as well as special communication service
to send data to system’s server. More importantly, the mobile
device consumes huge amount of energy to operate, hence
the rechargeable battery needs to be recharged regularly in
order to sustain its operation. Therefore, instead of using
a fixed local gateway, this paper proposes the use of all
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the sensor nodes in the WBAN to rotate their roles as the
gateway to communicate the collected information to the
main WSN system.

Taking the radio communication model described in [9]
as a reference, where the radio dissipates Fej.. = 50nJ/bit
to run the transmitter or receiver circuitry and FE,.,, =
100pJ/bit/m? is the transmit amplifier, the two scenarios
of using one fixed sensor node and all sensor nodes being
rotated as the gateways are simulated and their results are
compared. The energy required to transmit a k-bit message
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when using proposed selective gateway method with 10

nodes deployed in an area of 0.4 m x 1.7 m, a 200-bit
message (i.e. header, payload, metadata, etc) is transferred
from the sensor node to the gateway every round. Assuming
that the distance between the gateway and the base station is
within 200 m and all nodes have the same initial energy 0.5 J,
the gateway in the first method spends all of its energy after
200 rounds of receiving and transmitting data, meanwhile in
the second method, every node runs out of energy after an
average number of 1700 rounds.

for a distance, d, is given as [9]

Er,(k,d)
Er.(k,d)

(D
2)

and the energy spent to receive this message is expressed
as

ETw—elec(k') =+ ETm—amp(k’ d)
Eeiee ¥ k + Eamp * k% d2

Ere(k) 3)
Eprq (k) “4)

Considering a WBAN with n nodes, one of them is the

gateway. The energy consumption of each node to transmit
k-message to this gateway is given as

ERmfelec(k)
Eelec * k

Enode == ET.’L‘(k7 T) = Eelec xk + Eamp * K ok TZ (5)

where 7 is the distance between the node and the gateway.

The energy consumption of the gateway to receive data from
all nodes and send to a base station is as follows

Erode Ery(n*k,d) + Egz((n —1)*k)  (6)
= Eelec*n*k+Eamp>kn*k*d2

+FEejec % (n—1) %k @)

= kx*[(2n—1)Ecec + 1 * Eqmp) (8)

To solve the problem of just relying on one energy
hungry gateway to communicate with the main WSN system
which is connected with the hospital’s server or the doctor’s
computer, a selective gateway method to select among the
body sensor nodes based on their residual energy as the local
gateway has been proposed. Whenever the residual energy of
the gateway reduces under a threshold value, Ey;,, another
node among the rest in the WBAN with higher energy level
than E}j, is chosen as the current gateway. After one round
of selection when all the nodes’ residual energy drop below
the threshold, the original threshold value is adjusted lower.
It is required to make sure that at least one of the sensor
nodes has enough energy supply to become the gateway.
The selection process is repeated again as mentioned above
until the residual energy stored in all the sensor nodes are
used up. The information about residual energy of each
individual node is added to the sending data, and is compared
at the gateway at each round of data gathering. Decision of
changing gateway made by the current gateway is sent to
all the other nodes through the acknowledge messages of
received data in the next round.

The simulation result, shown in Figure.3, illustrates the
residual energy of the gateway based on the conventional
fixed gateway case and the last node running out of energy
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Fig. 3. Residual energy levels of the conventional fixed gateway and the
selective gateway

Figure.4 shows the comparison between the lifetime of the
single unique gateway and that of the last node which runs
out of energy in the selective gateway method with respect
to the number of nodes deployed in the WBAN. When the
gateway is fixed, increasing number of nodes causes a short
life of the gateway and thus shortens the network lifetime.
In another case, where the gateway is selected based on the
residual energy of the sensor nodes, the average lifetime of
each node in the network is much longer and its performance
is independent of the number of sensor nodes. Therefore, the
network lifetime, which does not depend on a unique local
gateway, is much more improved.
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Fig. 4. Gateway life time with different number of nodes in the network

By changing the gateway based on residual energy, the
energy among all nodes is balanced, the time that gateway
exists in the network is longer and thus, it guarantees the
connection with the base station. Furthermore, when an
energy harvesting source is added, the proposed method
provide a benefit of utilizing energy scavenged from all of
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the nodes as well as let the gateway have enough time to
recharge and restore its energy capacity and therefore prolong
the network lifetime much more. Thus, it is necessary to
harvest energy from ambient environment; in the case of
WBAN, it can be scavenged from human body.

Energy harvesting approach provides sensor node and
network unlimited power supply. When incorporating with
energy-efficiency communication protocol, energy harvesting
source will help to enhance the operation of WBAN whereas
the design of sensor node can be optimized in terms of
weight, size and power efficiency. Ambient energy sources,
which are able to convert to electrical energy, include solar
cell, motion and vibration, thermoelectric source, wind, etc.
Among these, thermal energy is one of the potential energy
sources in which thermoelectric generator (TEG) is used to
extract energy from human warmth. The ability of applying
thermal energy harvesting to power a sensor node of the
WBAN is investigated in the next section.

The application scenario is fall detection of patient in
medical healthcare services. Fall detection is very significant
to support elderly people’s safety in a home-dwelling envi-
ronment or guarantee patients with disabilities in hospitals
to be assisted by informing doctors and nurses timely. De-
ployment of sensors in WBAN and some methods to identify
fall events are described in [11] [12], where accelerometer
sensors mounted on human body or clothes are used for
fall detection. The sensing signals are transmitted to a base
station to process and send to hospital network and doctors’
computers.

III. HUMAN WARMTH THERMAL ENERGY HARVESTING
SENSOR NODE

A. Thermal Energy Harvesting Structure with Thermoelec-
tric generator

According to Stark [13], the warmness of a human body
(and also an animal body) can be used as steady energy
source for powering the sensor node in WBAN. The amount
of energy released by the metabolism (traditionally measured
in Met; 1 Met = 58.15 W/m? of body surface) mainly
depends on the amount of muscular activity. A normal adult
has a surface area in average of 1.7 m?2, so that such a person
in thermal comfort with an activity level of 1 Met will have
a heat loss of about 100 W. The metabolism can range from
0.8 Met (46 W/m?) while sleeping up to about 9.5 Met (550
W/m?) during sports activities as running with 15 km/h. A
Met rate commonly used is 1.2 (70 W/m?), corresponding
to normal work when sitting in an office, which leads to a
person’s power dissipation of about 119 W, burning about
10.3 MIJ a day. Once the input thermal energy is known, the
equivalent electrical circuit of the thermal energy harvesting
(TEH) structure with the thermoelectric generator (TEG),
given in Figure.5, is analyzed.

On the left hand side of Figure.5, it shows the thermal
equivalent circuit representation of a TEG in contact with
the human skin. The heat flow, @), takes place in between
the body with a core temperature, 7., and the ambient
air, Ty, with lower temperature through the following
thermal resistances representing the body, Rpyoqy. the in-
terface between body and TEG (hot side), Rcoupling(hot)
the TEG, Rrgq, the interface between TEG (cold side),
R coupting(cold)> and the surrounding air, R, This results in
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AT, =AT, -AT, Legends 2
Q = Heat flow (W/cm®)
Rooay S = Seebeck’s coefficient
(V/°C or V/°K)
Rcoupling(hot)
Hot side -——

Alrge =0 * Rgs

Cold side . ——

Rair

Fig. 5. Thermal analysis of the thermoelectric generator (TEG)

the following equation, eqn.9, that describes the relationship
among the temperature difference between the body and the
air, AT,,, the heat flow and the various thermal resistances
of the TEH structure. Knowing this relationship, the impor-
tant factors that affect the overall system efficiency can be
identified for improving its performance.

A,I‘ca

B Rbody =+ Rcoupling(hot) + Rrec + Rcoupling(cold) +(£ai7’

By keeping the Brpg
y ping Ryody+Reoupling(hot) T Reoupling(cold) +Rair

ratio, AT,., and ) as large as possible, the better per-
formance of the overall thermal energy harvesting system
is achieved. When there is a temperature difference across
the thermoelectric generator structure, the heat resistances,
residing in the thermal energy harvesting system, generate
certain amount of heat energy loss. These thermal resistances
are due to the mechanical structure used to contain the TEG.
When heat flow from the body to the TEG and from TEG
to air, the material used and the design of the mechanical
structure greatly affect the performance of the system. These
critical factors are taken into considerations during the design
and development of the thermal energy harvesting (TEH)
system.

The concept of thermal energy harvesting (TEH) is not
new to most people and is based on one of the thermody-
namic concepts known as Seebeck’s theory. Seebeck’s effect
states that when there is a temperature difference across two
dissimilar materials, electric voltage is generated. Thermo-
electric generator (TEG) which is based on Seebeck’s theory,
is used as the energy converter to transform the thermal
energy into electrical energy. In our design, thermoelectric
generator is fabricated using aluminum and teflon. Aluminum
is used to act as the hot plate designed with a small surface
area in order to collect heat fast and cold plate designed
in a shape to act as a good heat diffuser. Teflon is used as
the insulator sandwiched between the hot and the cold plate
so as to effectively reduce the convection and radiation of
heat from the hot plate and the cold plate, preventing it from
warming up which is highly undesirable as it reduces the
thermal gradient between the plates thus affecting the heat
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flow and power output. The prototype design of the TEH
structure with the TEG is shown in Figure.6.

Cold side
heatsink

Telfon Hot side
insulator aluminum plate

nt

Fig. 6. Prototype of the thermoelectric generator (TEG)

B. Power Management Circuit

The power management circuit of the TEH system con-
tains an energy storage and supply circuit, as described by
[14], and a voltage regulator circuit illustrated in Figure.7.
The operation of the power management circuit is as follows:
The electrical DC power harvested from the TEG is stored
within a capacitor to a level sufficient to power the loads.
The process of storing and releasing energy is controlled by
the supply circuit with 2 MOSFET switches i.e. Q1 and Q2.
During the time when the capacitor is being charged, 1 and
@2 are turned off to isolate the TEG source and the radio
frequency (RF) load. When the built up voltage across the
capacitor reaches the preset voltage of 4.9 V, (1 is turned on
and then in turn activate the control switch Q2. The energy
accumulated in the capacitor is then discharged and fed to
the voltage regulator. The voltage regulator steps down the
input voltage of 4.9 V to 3.3 V to supply to the connected
load for its sensing and communicating operation.
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Circuit
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Fig. 7. Schematic diagram of thermal energy harvesting sensor node for
fall detection

C. Fall Detection Sensor

The thermal energy harvesting system is designed to power
a fall detection system. The body sensor node is designed and
implemented to be mounted on human body to detect for
any falling event. If the falling event is detected, the signal
is sent via the wireless communication system to the base
station, which is post processed and forwarded to the doctors
or nurses for monitoring of the patient’s status or taking some
timely responses like activation of emergency ambulance. In
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this paper, the fall detection event is sensed by using an

accelerometer. Based on the application requirements, the
accelerometer chosen must be able to sense and differentiate,
via its internal nomenclature, between an upright standing
posture and a fallen posture, and subsequently give different
output voltage levels to signify the sensed information ac-
cordingly. The accelerometer, H34C, obtained from Hitachi,
is small in size, high sensitivity in 3-axes i.e. X,Y and Z-
axis, very low power consumption of 1 mW @3.3 V supply
and is capable of sensing both dynamic and static (tilt)
acceleration. In this research, the static sensing mode is used
to indicate the body posture, stand or fallen position shown
as illustrated in Figure.8. The output voltages (Y) is assigned
as the indicated signal for detecting fall. The design principle
revolved around the fact that Y is always at its preset voltage
level of 1.833 V in a “’stand” posture, and always at its %
level in a ”fall” posture.

F | T s Ty

A
ﬂ —t T Trek|2
,

Fig. 8. Sensing of Body Posture (Stand and Fall) using H34C

To make a comparison between a stand and fall condition,
a low power comparator is utilized. The output voltage, V.,
of the comparator is determined by the following conditions:

Vi <
Vin >=

(10)
1)
Based on the above mentioned sensing conditions, the sig-

nal conditioning circuit to process the accelerometer signal
voltage and the comparator output voltage are illustrated in

(V™ 4+ 1.182V), Ve = OV
1182V, Vo = VT

Figure.9.
470k
L] Compamter o /p
Sensor o/p 18M | [compameor 172 =High orLow
Fig. 9. Voltage adaptation circuitry for calibrating accelerometer output

voltage

D. Communication

As mentioned before, radio transmission consumes the
most amount of energy among various components of the
sensor node, hence a low power transmitter-receiver pair i.e.
AM RT4-433 and AM HRR30-433, which consumes around
10 mW @3.3 V, has been chosen. A matching encoder,
HT12E, with very low power consumption, is chosen to
encode the communication address and patient identification
data for transmission. In the scenario when the patient has
fallen, comparator output becomes 0OV, therefore enabling
transmission of the communicating address and the patient
information via the transmitter to relay the encoded bits to
the receiver in a wireless manner. The received signal is then
decoded by HT12D to alarm for an emergency call of a
patient, recognized by the his/her identification number.
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IV. EXPERIMENTAL RESULTS

Various experiments were conducted to verify the pro-
posed thermal energy harvesting (TEH) system to power
the sensor node in a wireless body area network (WBAN).
The TEH structure is first characterized to determine the
amount of harvested electrical power. When different thermal
gradients between 3°C to 15°C are applied across the thermal
energy harvester, the maximum electrical power generated is
illustrated in Figure.10, ranging from 40 pW to 520 uW
respectively at the same load resistance of 16K.
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Fig. 10. Power generated by thermoelectric generator for various loading
conditions

The harvested electrical power of 520 pW @15°C is
definitely not sufficient to directly drive the sensor node
which requires around 14 mW power. Hence, an energy
storage and supply circuit has been implemented to bridge
between the source and the load (see Figure.7).
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Fig. 11. Fall detection signal received at base station

Successful transmissions of the fall detected signal can
be observed in Figure.11. The charging time of the storage
capacitor is very short, simply less than 30 sec intervals
with a thermal gradient of approximately 15°C across the
harvester. The actual packets transmitted were 5 digital
packets over approximately 120 msec, the actual useful
energy used equated to 50 ms of active transmission time
using 660 pJ and 120 msec of operating time for the other
loads using 292 pJ, therefore 952.4 nJ of energy is required
to be stored in the capacitor.

V. CONCLUSION

In a conventional wireless body area network (WBAN), a
single local gateway is used to communicate with the base
station connected with the doctors’ computers or hospital’s
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servers. Since the local gateway is fixed, the simulation

results demonstrate that increasing the number of nodes
causes a short life of the gateway and thus shortens the
network lifetime. On the other hand, when the proposed
method to select the gateway based on the residual energy
of the sensor nodes is applied, the average lifetime of each
node in the network is much longer and its performance
is independent of the number of sensor nodes. On top of
that, the lifetime of the sensor node is further increased
by the energy harvesting concept. This paper demonstrates
that the sensor node of a WBAN is able to be powered
by the thermal energy harvested from human warmth. The
sensor node is equipped with fall detection ability to support
elderly people’s safety in a home-dwelling environment and
guarantee patients with disabilities in hospitals to be assisted
by informing doctors and nurses timely. Experimental results
show that a body posture (stand or fallen) is sensed and
then transmitted wirelessly to a remote patient monitoring
platform that displayed the patient identification number and
sounded an alarm to the respective personnel.
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