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Abstract—This paper presents the implementation of an in-
telligent home-based elderly patient monitoring system. Four
patient’s physiological parameters are being continuously moni-
tored, namely, temperature, glucose, and 3D accelerometer and
gyroscope data for fall detection. Contextual sensors are mounted
across the home to observe the patient’s surrounding environment
such as temperature and humidity. All sensors, wearable and
contextual, transmit their measured data to smart gateways (fog
layer) via nRF communication protocol. At the fog layer, diverse
functions are being carried out, from collected measurements
transfer to health care providers for further processing and
analysis via Internet (cloud layer), sending push notifications
and reports to patient’s mobile phone, to alerting ambulance
or civil defence authorities in case of an emergency. To insure
power autonomy and eliminate the need for frequent sensor
node battery replacement, an efficient thermal energy harvesting
system is developed. Associated with a boost converter, the
thermal energy harvesting system is able to sustain 3.3 OCV
leveraging a temperature difference of 20◦C between patient’s
body and room temperature, while achieving an efficiency of
82.6%.

Index Terms—Thermal Energy Harvesting, Wearable Sensors,
Fog Computing , Cloud Computing E-Health, Patient Monitor-
ing, Power Autonomy

I. INTRODUCTION

The world’s population is growing old; senior individuals
are increasing in number and they make up a developing share
of the population in nearly every country, with repercussions
for nearly all sectors of society, including labour, financial
markets, the demand for goods and services such as housing,
transportation and social protection, as well as family arrange-
ments. Preparing for the economic and social shifts associated
with an aging population is thus essential for the promotion
of health and independence amid the ever growing elderly
society.

The global population aged 60 years or over totalled 962
million in 2017, more than twice as large as in 1980 when
there were 382 million older persons worldwide. The number
of older persons is expected to double again by 2050, when it
is anticipated to reach nearly 2.1 billion. In 2030, older persons
are estimated to outnumber children under age 10 (1.41 billion
versus 1.35 billion) [1]. The fact that the existing health care
systems has to be revolutionized to accommodate this ever
increasing aging population is indisputable.

It has been well recognized that the occurrence of chronic
diseases such as diabetes and cardiovascular diseases upsurges
sharply with age and that the mainstream of patients with a
chronic infirmity are over the age of 65 years. For instance,
in the United States, about 80 % of these older adults have
one chronic condition, and about 50 % have at least two. Such
patients are at risk for insufficient care and adverse treatment
effects, like those caused by poly-pharmacy [2].

Technology can be and was actually exploited to alleviate
a major part of the issues related to health care of the
elderly. Developing a home based elderly patient’s monitoring
system can aid in keeping the aged patient under continuous
monitoring, while the quality of life of those patients is not
disrupted by regular visits to the health care providers , or even
costly permanent admission to hospitals or nursing homes.
Furthermore, elderly patients tend to be attached to their
homes and they prefer to spend their days there rather than
being taken care of at an assisted living facility, which are not
affordable to all patients in need of such care.

In recent years, numerous research works have proposed
home-based health monitoring systems. As surveyed in various
reports, such as [3] and [4], the health monitoring systems are
of two types: wearable and non-wearable. The latter is used
to measure the activity of daily living (ADL). The former is
used to monitor the health condition of the occupant. Sensed
data can be sent raw or processed. The processing requires,
among other things, filtering, analyses, detection, and situation
awareness.

This work introduces an intelligent autonomous home mon-
itoring system for elderly patients. The system is composed
of diverse components and subsystems ranging from wearable
sensor nodes for the purpose of monitoring patient’s phys-
iological parameters to contextual sensors for keeping track
of the circumstances of the patient’s surroundings, a smart
gateway for data analysis and fast decision making, as well
as power autonomy units associated with sensor nodes. A
detailed description of the structure of patients monitoring
system is presented in section III . The rest of this paper is
organized as follows: Section II presents a literature review
on the development and limitations of the existing elderly
home monitoring systems. Section III describes the structure



of monitoring system, and its subsystems, sensor node, and
smart gateway. Section IV details the design of the power
autonomy mechanism for wearable sensors, namely thermal
energy harvesting unit, boost converter circuitry, and power
management unit (PMU). Section V illustrates the details
of test bed and system implementation. Section VI presents
the experimental results. Section VII concludes this work by
discussing the presented results and highlighting the directions
for future work.

II. MOTIVATION AND LITERATURE REVIEW

Telemedicine has ominously expanded its scope over the
last few decades. Today it expatiates solutions for remote
health monitoring to support prevention, early diagnosis, dis-
ease management, treatment and home rehabilitation. Remote
health monitoring could lead to a substantial reduction of total
cost in health care by evading unnecessary hospitalizations and
ensuring that urgent care is provided to those who need it the
most. Latest developments in micro and nanotechnologies as
well as in information processing and wireless communication
offer the prospect for smart miniaturization and non-invasive
biomedical measurement as well as for wearable sensing,
processing and communication [5].

Several research groups around the globe are working on
developing remote patient’s monitoring systems. Triantafyl-
lidis et al. proposed a remote monitoring system to sup-
port patients at risk of heart failure [6]. While the system
performs remote monitoring, in the sense that it transmits
collected patients’ data to the health care provides over the
internet, it doesn’t provide the comfort and convenience of
being wearable and autonomous. It relies on measurements
of physiological parameters such as blood pressure, Oxygen
level and weight taken by the patient himself/herself through
a sphygmomanometer, a pulse oximeter, and a weighing scale
respectively. Those three devices are connected wirelessly to a
smart tablet through Bluetooth communication protocol. This
system might be useful to avoid regular visits to medical
practitioners. However, as the patient is in charge of taking
the measurement at regular intervals, limits the usage of such
system to a certain category of patients that are capable of
taking physiological readings on their own, or those who have
access to assistance at home.

Lin et al. developed a mobile patient monitoring system,
which integrates personal digital assistant (PDA) technology
and wireless local area network (WLAN) technology. At
the patient’s location, a wireless PDA-based monitor is used
to acquire continuously the patient’s vital signs, including
heart rate, electrocardiography, and blood Oxygen Saturation
level. Through the WLAN, the patient’s biosignals can be
transmitted in real-time to a remote central management unit,
and authorized medical staffs can access the data and the case
history of the patient, either by the central management unit
or the wireless devices [7].

An autonomous smart patient/home health monitoring sys-
tem was developed in our previous works [8]. Both patient
physiological parameters as well as room conditions are being

monitored continuously. The sensors are connected on an IoT
regime, where the collected data is wirelessly transferred to
a nearby gateway which performs preliminary data analysis,
commonly referred to as fog computing, to make sure emer-
gency personnel and health care providers are notified in case
patient being monitored is at risk. To achieve power autonomy,
Radio Frequency (RF) energy harvesting is employed in both
wearable and contextual senors.

III. ARCHITECTURE

The functionality of the developed home-based intelligent
patient monitoring system is illustrated in Figure 1. The system
architecture includes three layers: a sensor node layer, a Fog
layer consisting of Fog services and smart gateways, and a
Cloud layer. The sensor node layer encompasses wearable
sensor nodes collecting and wirelessly transmitting e-health
data to Fog-assisted smart gateways. A location of a sensor
node on the body depending on the e-health data type. For
instance, sensor nodes for ECG monitoring are often placed
close to the heart. Each sensor node can consist of one or
several sensors such as glucose, heart rate, and temperature
sensors. Some sensor nodes can be equipped with three-
dimensional (3-D) accelerometer and 3-D gyroscope for fall
detection applications.

Fog-assisted smart gateways are fixed in a specific location
such as a room corner or an aisle for receiving data transmitted
by sensor nodes. Each gateway is capable of supporting several
sensor nodes. The received data can be locally stored in a
distributed manner or it can be synchronized. Furthermore,
Fog-assisted smart gateways proffer many advanced services
such as security, ECG feature extraction, mobility support,
interoperability and push notification. These services help to
improve the quality of healthcare services. For instance, a Fog-
assisted gateway can support sensor nodes having different
configurations such as wireless protocols, or data rates. When
abnormalities such as high heart rate or low glucose level are
detected, Fog-assisted gateways trigger the push notification
service which sends real-time messages to inform to care-
givers. In addition to fixed gateways, a smart phone-based
gateway can be used to support outdoors monitoring.

At Cloud servers, e-health data is stored, analyzed and
processed with heavy computational algorithms. End-users
such as caregivers can access the real-time data stored in Cloud
servers anytime, anywhere via a Web browser or a mobile ap-
plication. The real-time data can be shown in textual/graphical
interfaces or both.

A. Autonomous Sensor Node Architecture

Wearable sensor nodes shown in Figure 2 consists of five
main components such as e-health sensors (i.e., temperature,
heart rate sensors), a micro-controller, a wireless commu-
nication module, an energy harvesting unit, and a power
management and energy storage unit. In this system, two
different types of wearable sensor nodes are built. The first
sensor node is a low data rate sensor node equipped with
temperature and glucose sensors while the second sensor node
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Figure 1: Intelligent Autonomous patient home monitoring System Architecture
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Figure 2: Wearable sensor node architecture

is a high data rate sensor node using 3-D accelerometer
and 3-D gyroscope for fall detection. In these sensor nodes,
sensors are connected with a micro-controller via UART, I2C,
inductive link receiver or SPI. After collecting data from
the sensors, the micro-controller forwards the data to the
nRF wireless communication module via SPI. When a micro-
controller is not performing any task, it is set in a sleep
mode. In addition to managing the power storage efficiently,
a PMU is capable of reporting the battery level to the micro-
controller. When the battery level goes low under some pre-
define thresholds, the micro-controller sends some signals
to the Fog-assisted gateway in order to trigger the push
notification service informing a user or a caregiver.

In addition to e-health sensor nodes, a system uses con-
textual sensor nodes for collecting room temperature and
humidity. Contextual sensors are placed at room corners and
have similar structure to e-health sensor nodes. The collected
contextual data helps to improve the accuracy of e-health data
analysis.

IV. THERMAL ENERGY HARVESTING

The sensor-based systems are very efficient and can inde-
pendently monitor the patients with no other human presence
necessary. However, they do have their drawbacks such as
power consumption issues as the battery mounted can be
bulky and employing a lighter one will require changing it
occasionally; which can be irritating. There are many different
energy harvesting systems that can upgrade the IoT sensor
monitoring system to an autonomous system; such as RF,
thermal, solar and piezoelectric among others. In this paper,
we are going to be exploring the boundaries of thermal energy
harvesting and how it can be used to build an autonomous
sensor node [9].

Even though solar harvesting is a simple yet effective
way of harvesting green power. A module of 0.7cm can
yield an output ranging between 2-6V [10]. However, this
is only true under great luminance such as under the sun.
Since some of the patients don’t visit outdoors because of
their health condition; either because they are bed-ridden or
because of extreme weather conditions, this is not a valid
solution for people suffering from sensitivity to light, asthma,

Figure 3: TEG’s intrinsic components

cold or alike. The other harvesting methods include RF and
pizeoelectric; RF energy harvesting in our previous work
showed that the harvested voltage is low and needs voltage
doubler among other complex circuitry to reach the desired
output [8]. Piezoelectric’s potential was also tested and it was
observed that this technology has great potential, delivering
an open circuit voltage in thousands of milli-Volts, for a short
walking time and an average speed of 5 Km/h [11]. However,
the activity performed by elderly patients is usually below
average and some patients are bed-ridden. Hence, harvesting
from pizeoelectric did not seem like a viable option. Thermal
energy harvesting gives the luxury of harvesting energy simply
by the difference in temperatures, no extra effort is required
by the patient to harvest this energy.

Thermal Energy Harvesters are devices that are made up
of a P-type and N-type junctions that can generate electricity
from heat energy by a process known as Seebeck effect. The
idea of recycling energy and building autonomous systems is
not new at all, where many heat sources have been used to
convert to electricity, human as a heat source remains to be
quite popular.

The full energy harvesting system would include a thermal
harvester with a heat sink followed by a boost converter circuit
that would regulate the voltage and boost to the desired level
such that it can charge the battery. Even though human body
does generate about 100W of heat, only 1-2 % can be utilized
[12]. The sensors would require at least 3V to operate hence it
is vital to harvest most heat energy as possible. There were two
main challenges that needed to be tackled, firstly designing the
TEG so that it reaches the highest open circuit voltage and
secondly that the TEG itself is flexible enough to be worn
on curved skin such as around arms. Trade-offs between the
maximum power attainable, the type of material used and the
number of TEG units that can be connected in series was
observed.

Figure 3 describes the modular TEG and its components, it
shows the P and N junctions (red and dark blue), their location
and the connectors (i.e. conducting plates in grey) [13]. A
thermal energy generator is followed by a heat sink to allow
a constant heat flow.
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Table 1: Comparison of different TEG configurations

Different potentially flexible thermal harvesters were com-
pared based on their size, highest possible open circuit voltage,
and the temperature difference that drove that voltage.

The findings were summarized in Table 1 as shown. N-type
Bi2Te3 and p-type Sb2Te3 combination are known to provide
the best results in thermal harvesting with their drawback
being that they are not flexible at all. It was shown that mixing
it with an epoxy can be a possible solution [14]. Another
solution is to print the junctions smaller and connect them
slightly wider apart but in a curve fashion on a flexible PCB
[13] [15]. It can be observed that many experiments have
been done with carbon composites which seemed to perform
reasonably well, reaching an open circuit voltage of 0.46V. The
main drawback of this configuration is the internal resistance:
its very high and is hard to be compensated for.

After a thorough comparison of the state of the art TEGs, the
last combination in Table 1 seemed to be the most promising
as it produces a reasonable output voltage with respect to the
change in temperature and even though it is slightly thicker,
the number of harvesters connected in series are not as many
as others. Hence, we can connect more of these modules in
series. The most likable feature of this particular configuration
is the very low internal resistance which not only makes energy
harvesting aspect easier as it reduces the initial power loss but
also nullifies the need of a complicated impedance matching
circuit. Impedance matching will have increased the number
of components, hence less space for other components of the
wearable harvester. Further research was done in order to find
the best configuration of this particular TEG and possible

alterations that can help it attain a higher output voltage.
The relationship between the output voltage and the change

in temperature is linear with respect to the Seebeck coefficient
and is defined as [16]:

V = S × ∆T, (1)

where V is the open-circuit voltage (V), S is the Seebeck
coefficient (V/K) and ∆T represents a change in temperature
(K). As shown by the equation 1, the open circuit voltage will
change with respect to temperature, whilst a little change in
Seebeck coefficient makes only an infinitesimal impact [16].
The resistance decreases with temperature but the Seebeck
coefficient increases to a point named fermi level, hence even
the smallest change is cancelled out. Since our system is going
to be generating energy from the thermal energy of the patient,
the operating temperature of the TEG will be around 37◦C
(body temperature). Thus, the output voltage will be certainly
lower as its directly proportional to the change in temperature.
Bismuth compounds are known to work comparatively better
than others even at lower temperatures. The Seebeck coeffi-
cient of n-type Bi2Te3 and p-type Sb2Te3 mixed with epoxy
to make it flexible would be -140V/K for n-type and 95 V/K
for p-type [17].At an average room temperature of 18◦C, the
temperature difference across the TEG will be around 19◦C.
We will be basing our harvester design for low ∆T such as
20 ◦C.

Other design amendments were also considered to guar-
antee a better open circuit voltage at the given temperature
difference. Firstly, an efficient heat sink is required to allow
a plausible heat flow from the patient’s body to the TEG.
The heat sink is a conductive usually metallic surface with
very low internal resistance, copper plates will be employed
as heat sinks. Secondly a higher fill factor can provide a
higher output voltage due to increased contact, but with a
compromised output power. Fill factor is used to measure the
amount of contact that the TEG experiences with the skin. It
was found that a fill factor of 0.1 gives reasonable results [14].
It is also observed that increasing the thickness of the TEG
elements increases the output voltage. Nonetheless, the latter is
also shown to increase the resistance if its substantially thick,
which is an unwanted quality. Another factor is annealing the
compounds, it was found that the Bismuth compounds exhibit
a high Seebeck coefficient and low electrical resistivity when
annealed, leading to a higher power factor [18].

The final design of our TEG is a modified version of that
discovered by [19] and reported in Table 1. This TEG showed
to be flexible, light weight and highly efficient. The module
will be composed of 144 harvesters- 72 harvesters were used
in [19]- in series with an individual size of approximately
1.8mm. The total area of this module will be 8cm x 8cm with
a combined thickness of 0.08cm. The substrates are printed on
PDMS and they have an additional SiO2/a-Si/quartz substrate.
The module will also be annealed at very high temperature
such as 700◦C.

The TEG in [19] is shown to yield an output voltage of
0.38V with an internal resistance of 0.74Ω. However, since
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Figure 4: The TEG and the Boost circuit diagram

Figure 5: Boost input versus output voltage

the number of harvesters is doubled in our design (i.e. 144),
we aim for an open circuit voltage of 0.76V and an internal
resistance of 1.48Ω.

A. Boost Converter

The internal resistance of the chosen TEG is 1.48Ω. A boost
converter is needed to step up the voltage to the value that
is safely able to charge the battery. It is vital to ensure that
the sensor is being provided with power efficiently and safely.
The theoretical output from the TEG module is approximately
0.76V, the desired output from the boost is 3.3V.

The preliminaries included operating in CCM (continuous
conduction mode) so that the inductor current will not drop to
zero during the cycle and will have a higher average value. To
ensure high efficiency the, the switch had a low on-resistance
to avoid high voltage drop across it. Switching frequency was
decided to be 1 MHz as it provided a decent trade-off between
the losses and efficiency.

After covering the aspects of boost converter, the model
of boost in Figure 4 was simulated to observe the theoretical
efficiency of the converter. The efficiency of the boost can then
be calculated as observed from Figure 5; thus efficiency being
Po/Pin = 17.543mW/21.227mW = 82.6%

B. Power management and Energy Storage Storage

The operations of the system is assured via a reliable
power management and energy storage. Contemporary energy
harvester circuitry uses a capacitors for energy storage. The
capacitor should have a low equivalent-series resistance, for
this reason a ceramic capacitance is preferred in the energy-
harvesting domain as it exhibited low-leakage power. Another
competent solution is the use of multiple supercapacitors. The
selection or optimization of the capacitor and its charging
circuitry depends upon numerous factors such as the target
application, and the type of energy harvesting system [20].

C = 2
EC

V 2
max − V 2

min

. (2)

The charging time can be determined using (3).

tch =
C

Vmax
ID(sec), (3)

The value of the capacitor can be determined using Equation
(2). At first, the values of Vmax and Vmin have to be
determined from the data-sheet of the micro-controller that
runs the main task in the system. Second, the energy that
needs to be stored has to be estimated using the application
requirements and the output of the energy harvester. There
charging time can be determined through Equation 3 where
ID is the charging current and Vmax is the maximum voltage
of the supercapacitor. Commercial supercapacitors have a
charging time of 30 sec and a discharging time of 570 sec.
A power management unit (PPM), is used to control the
charging and discharing of the capacitor .The charging and
discharging units of the PMU can be implemented using low-
power comparators, digital logic gates, and switches [21].
The recharge circuitry monitors the state of charge (SoC) of
the capacitor. If the voltage level, v(t) at the output of the
capacitor is below Vmin the capacitor will be charged and the
microcontroler will be powered down. The operation of the
microcontroller resumes or pertains as long as v(t) ≥ Vmax.

V. TEST-BED IMPLEMENTATION AND EXPERIMENTAL
RESULTS

The experiments are carried on 5 healthy 30 year-old male
subjects in an office room in which each experiment lasts 20
minutes. In the experiment, a set of sensor nodes consisting of
a low data rate sensor node and one high data rate sensor node
is applied on each subject. In the low data rate sensor node, a
low power and high precision BME280 temperature sensor and
low power glucose sensor are used. The temperature sensor
collects body temperature at 1 sample/ min while the glucose
sensor operates at a data rate of 1 sample/ 5 minutes because
a body temperature and blood glucose level do not change
rapidly. The low data rate sensor is placed on the bottom right
body belly.

In the high data rate sensor node, a MPU-9250 sensor
consisting of 3-D acceleration and 3-D gyroscope is used. The
high data rate sensor node is placed at the body chest in order
to reduce noise caused by motion artifacts.

In addition to e-health sensor nodes, contextual sensor
nodes placed at room corners are used for collecting room
temperature, and humidity. In these sensor nodes, sensors
are connected to an 8-bit AVR ATmega328P micro-controller
which consumes low power and supports sleep modes. The
micro-controller connects with a nRF24L01 wireless commu-
nication chip via SPI. The micro-controller collects data from
the sensors and sends the data to Fog-assisted gateways via a
nRF protocol.

The Fog-assisted gateways are built from Raspberry Pi and
an nRF24L01 module. At Fog-assisted smart gateways, sum
vector magnitude (SVM) values of 3-D acceleration and 3-D
angular velocity are calculated via Equation 4. In the system,
the SVM values are used for detecting a human fall. In daily
activities such as walking, standing, and laying on bed, the
SVM values are less than some pre-defined thresholds such
as 1.7g and 180. When a fall occurs, SVM values increases
dramatically and are hence larger than the threshold values.
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Figure 6: SVM of 3-D acceleration and 3-D angular velocity during
standing still, walking and falling

Cloud servers are implemented by Linux, Python, Django,
WebSocket and JSON. An end-user can access Cloud servers
for getting real-time e-health data via a Web browser or an
Android app.

SVMi =
√
xi

2 + yi2 + zi2 (4)

SVM: Sum vector magnitude
i: sample number
x,y,z : accelerometer value or gyroscope value of x, y, z axis

Experimental results show that both types of sensor nodes:
low and high data rate sensor node are energy efficient. A low
data sensor node consumes about 4.92 mA while a high data
rate sensor node consumes about 8.21 mA.

In all the experiments, the body temperature and glucose of
a subject are around 36.9◦C and around 100 mg/dl for different
activities such as walking and standing. When a subject walks
fast or run, the core temperature raises.

Experimental results shown in Figure 6 indicate that the 3-
D acceleration and 3-D gyroscope are around 1g and 0◦when
a subject is standing still. When the subject walks, 3-D
acceleration and 3-D gyroscope fluctuate around 0.85-1.1g and
0-60◦, respectively. When a subject falls, 3-D acceleration and
3-D angular velocity raise rapidly larger than 1.9g and 203◦.

VI. DISCUSSION AND CONCLUSION

The simulated boost converter showed an efficiency of
82.6% and an open circuit voltage of 3.3 V, which is enough
to power the wearable sensor node as well as charging the
rechargeable battery. However, the system is designed for a
fixed change in temperature, which should not be bother-
some as the battery doesn’t need to be charged continuously.
Nonetheless, the system can be enhanced to have a control
algorithm allowing the boost to work dynamically to can
accommodate various voltage levels from the TEG.

in this work, the design and implementation of an au-
tonomous elderly patient home monitoring Fog-assisted sys-
tem has been presented. The proposed wearable sensor nodes
having energy harvesting and PMU units were capable of
acquiring different types of contextual and e-health data with
a high level of energy efficiency. In addition, the system
provided many advanced services such as push notification
and fall detection.

Future Work includes equipping both wearable and contex-
tual sensors with customized power autonomy regime depend-
ing on their specific circumambient.
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