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Abstract: Battery power is crucial for wearable devices in physiological parameters measurements
as it ensures continuous operation and reliability, critical for real-time health monitoring and
emergency alerts. One of the solutions used to supply low-power wearable medical devices is
energy harvesting systems. In this work, a hybrid photovoltaic-thermoelectric (PV-TEG) energy
harvesting system is proposed. It utilizes small and highly efficient PV panels, compact TEG
modules, and two ultra-low-power BQ25504 DC-DC boost converters for enabling efficient
operating of energy harvesting system. Given the high-power density of solar cells in outdoors, a
combination of PV and TEG energy is utilized to quickly and sufficiently harvest energy from
sunlight and body heat. The boost converters are parallel connected at two points of the output,
allowing both energy sources to individually achieve maximum power point tracking (MPPT)
during battery charging and loading. The system is designed to be compatible with the wearables
for health monitoring in the head, face, or wrist region, targeting people engaged in activities
outdoors, such as workers in the oil and gas industry. The node is designed to include a
photoplethysmogram (PPG), an accelerometer, and a low-power microcontroller, with an average
power consumption of approximately 106.29 mW. The power source for the node is a rechargeable
lithium-polymer battery, though with a limited lifespan (9.31 hours). With the new PV/TEG energy
harvesting system, the battery life increased to more than 18 hours. Under particular condition, i.e.,
facing the sun for more than two hours, the device turned into a self-powered wearable device. The
system was experimentally tested outdoors with 25 °C temperature and 1000 W/m? irradiance.
Experimental results demonstrated the long-term and stable performance of the sensor node with
an efficiency of 96%.

Keywords: energy harvesting; hybrid; medical wearable sensor nodes; health monitoring; power
management

1. Introduction

With the global spread of the coronavirus (COVID-19) disease, the importance of remote
monitoring of human health has multiplied. In this context, wearable devices have gained additional
attention in healthcare [1,2]. These devices can seamlessly integrate into individuals' daily lives and,
through continuous monitoring of vital signs, serve as an effective solution for early disease detection
[3]. This early diagnosis can result in preventive measures and prompt therapeutic solutions,
preventing the progression of the disease and reducing some of the costs associated with emergency
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and hospital care [4,5]. Additionally, the use of wearable devices in remote areas can enhance the
efficiency of healthcare services, quality of life (QoL), and overall well-being. This fosters a sense of
responsibility for one's health and, consequently, promotes a shift towards a healthier lifestyle [6].
Such a trend is in-line with the focus shifts towards preventive strategies, predictive assessments,
precision prevention, and proactive health management rather than treatment after diagnosis.
Therefore, with surveillance, assessment, and continuous data provision, these devices assist in early
detection of users' health issues, transforming into a promising approach for preventive healthcare
[7].

Wearable technologies encompass electronic devices like smartwatches, wristbands, and
augmented reality glasses, often include various physiological/non-physiological sensors, data
processing unit, and communication components. They are capable of collecting a diverse range of
data, including heart rate (HR), blood pressure (BP), respiratory rate, blood oxygen levels, body
movement and physical activity, and more, providing valuable insights into an individual's well-
being and overall health [8]. Applying wearable technology for health monitoring goes beyond vital
signs and physiological measurements, significantly enhancing QoL of users [9]. In the realm of
wearable technology, the proliferation of unobtrusive, non-intrusive, and non-invasive devices
signifies a key advancement in user-centered design [10-12]. Unobtrusiveness ensures that these
wearables seamlessly integrate into daily life with a compact and lightweight form factor that
minimize interference and have minimal impact on user’ daily routine [10]. Non-intrusiveness
demonstrates the capabilities of these devices to operate in the background, collect data, and provide
services without drawing the user's attention and violating privacy. Meanwhile, non-invasiveness
underscores a commitment to user comfort, as these wearables extract information from the external
surface of the body without invasive methods. These features are particularly important in
continuous health monitoring, where unobtrusiveness, non-intrusiveness, and non-invasiveness are
gaining attention and playing the critical roles in increasing the penetration rate in practical
applicability [13,14]. Although the user acceptance, adaptation, and integration of technology into
daily activities are influenced through these characteristics, however, there is a hindrance in the
practical use of wearable devices, stemming from issues related to battery recharging and battery life
among other aspects such as accuracy, reliability, and clinical use [6]. Consequently, with improved
battery performance and extended measurement times, users will no longer worry about the frequent
recharging of their wearable devices or experiencing interruptions in their health monitoring by
missing data slices [15]. These factors will further improve the user-friendliness and unobtrusiveness
of the wearable systems and encourage individuals to integrate them into their daily routines for
continuous health tracking [16].

With the reduction in size and power consumption of electronic circuits, integrating data
processing units, and communication components, the real-time monitoring and analysis were
enhanced which allow healthcare professionals to remotely monitor patients' progress and make
informed decisions regarding their medical care [17]. These devices serve as a valuable tool in
providing real-time health tracking data, especially for individuals dealing with chronic illnesses
such as asthma, chronic obstructive pulmonary disease (COPD), diabetes, mobility impairments, and
cardiovascular diseases [18].

The photoplethysmogram (PPG) sensor has the potential for continuous vital signs monitoring,
paving the way for early detection of anomalies or fluctuations in a patient's health that has been
integrated into wearable medical devices. It holds exceptional promise for patients with
cardiovascular issues, COPD, respiratory diseases, and those with cardiorespiratory disorders [19].
Furthermore, the unobtrusiveness and noninvasiveness deployment of the PPG sensor (e.g. in form
of wrist-worn) transforms it into an accessible resource for continuous monitoring [20].

Another significant sensor employed in wearable devices is the accelerometer. It is highly
valuable in identifying movement-related disorders, such as Parkinson's disease, and is particularly
useful for individuals dealing with Alzheimer's disease. The continuous data collection aspect aids
in identifying long-term changes in their mobility and physical activity [21].
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Despite the mentioned advantages of using wearable devices and some of the most popular
and contributing sensors with the applications, yet the electronic devices rely on batteries to power
themselves. However, a heavy reliance on batteries comes with drawbacks, especially when
considering environmental concerns, safety implications, and overall reliability. Moreover, the
considerable size and weight of these batteries inevitably reduces the inherent flexibility of wearable
devices. Most Internet of Things (IoT) devices and wireless sensor networks are powered by
rechargeable secondary batteries [22]. Therefore, a primary concern in these scenarios revolves
around the necessity of a continuous power source. This dilemma has led to the emergence of
innovative solutions, particularly in the field of energy harvesting approaches and power
management systems. Energy harvesting techniques involve capturing and utilizing environmental
energy sources such as solar energy [23], thermal energy [24], vibrations [25], kinetic energy [26], and
radio frequency (RF) [27] energy to supply power to wearable devices. Additionally, efficient power
management systems optimize the use of available energy, ensure longer battery life, reduce the need
for frequent recharging, and store the harvested energy from the environment or the individual's
body in an energy storage unit, ultimately used to power the consumer load. The block diagram of
the energy harvesting system is presented in Figure 1 [28].

Energy Harvesting System

; ) ;
. % @ ,ﬁ e Energy e Conversion and Energy by —m— ! l:]

Harvesting Management T

Storage

Figure 1. Block Diagram of the Energy Harvesting System [28].

The power density of various energy sources is provided in Table 1. Accordingly, solar energy
in outdoor environments has the highest power density among other energy sources. However, in
many cases, it may not fully meet the needs due to the instability of these sources and their temporal-
spatial unavailability. To address this issue, the use of hybrid energy harvesting systems was
introduced as an effective solution, capable of harvesting energy from multiple sources [29]. Hybrid
energy harvesting systems have the advantage of providing a more reliable and stable power source
by harnessing energy from various sources. By integrating various energy harvesters such as PV
panels, thermoelectric generators (TEG), kinetic harvesters, RF harvesters, and more, these systems
can ensure a continuous flow of energy even when a single source is unavailable or not producing
sufficient power. This not only increases the overall power density but also enhances the system's
stability and efficiency [29].

Table 1. Power Densities of Different Energy Sources [6].

Energy sources Power density

100 mW/cm? (direct sun)
100 pW/cm? (indoor illumination)
Thermoelectric 60 uW/cm?

1 uW/cm? (ambient)

15 uW (external)
1000 uW/cm? (biochemical)
Human 4 uW/cm? (biomechanical - microgenerator)

200 uW/cm? (biomechanical - piezoelectric)

Ambient light

Radio frequency

Several single-source and hybrid energy harvesting systems for healthcare monitoring
applications have been introduced. Yaoguang et al [30] proposed a wearable TEG, harvesting the
heat from the human body. The TEG device's structural architecture is made up of 12 TEG modules
that are electrically linked in series and connected in parallel via copper strips. When walking, this
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wrist-worn TEG device captures body heat, produces more power than when stationary. The
requirements analysis and performance evaluation of the wearable sensors in medical applications
was presented in [26], which addresses the fundamental issue of piezoelectric kinetic energy
harvesting devices. In [31], a kinetic energy harvesting device is used instead of an accelerometer to
assess calorie consumption as kinetic energy is generated when the user expends calories through
bodily movements. A wearable medical sensor system for long-term health monitoring is described
in [28]. This device measures temperature, HR, blood oxygen saturation (SpO:), and human body
acceleration in real-time. In [32], a rotating piezoelectric energy harvesting device was tested and
developed, capable of receiving a maximum power of 7uW when worn on the arm during activities.
Additionally, in [33], a flexible piezoelectric generator for harvesting energy from the dynamic
movement of the ear canal has been developed. In [34], a scalable triboelectric energy harvesting
system for electronic textiles to extract energy from daily human movement was proposed. The
suggested energy harvester was scalable, stretchable, and wearable. The output power of this system
is enhanced by the capacitor capacity, as well as the mechanical input frequency, providing guidance
for practical applications. One drawback of this system is the ability to power wearable electronic
devices only during human movement, and there are significant power losses due to the high rectifier
losses. In [35], a wearable sensor system in the form of glasses has been proposed. This sensor system
employs algorithms for detecting and identifying chewing cycles using a piezoelectric pressure
sensor placed on a temporalis muscle. This study suggests the possibility of further compressing
electronic devices to improve user comfort. Additionally, further studies are needed to explore new
methods of connecting sensors, such as embedding sensors in glasses handles. In [36], a novel hybrid
energy harvesting technology was presented to power on wearable electronic devices. A flexible and
wearable energy harvesting device that combines solar and RF energy was developed in this study.
This work represents the first flexible and wearable hybrid system of solar and RF energy harvesting,
experimentally placed on the human body. Furthermore, aiming to increase the reading range of
active RFID tags and provide a compact multifunctional structure, a hybrid solar and RF energy
harvesting system was introduced in [37]. This system includes components such as monocrystalline
solar panels, a charging circuit, a rectifier, the EM4325 chip as the receiver antenna, and an RFID tag.
Authors in [38] proposed a flexible TEG module that is appropriate for biomedical and wearable
devices due to its high-power density on a small scale and flexibility due to its flexible form factor.
In [39], various methods were examined to utilize the heat and mechanical energy of the human body
for wearable energy harvesting. The focus is on harvesters such as TEG, PV, piezoelectric,
electromagnetic, and electrostatic harvesters. This work includes hybrid energy harvesters that
hybrid the conversion of two or more energy sources to achieve maximum power density.
Typically, in the structures of hybrid energy harvesting systems, Schottky diodes, such as the
1IN5817 diode, are used for combining input sources, which have high power losses and voltage. This
technique is called "OR-ing," and it is applied either before or after the voltage conversion stage.
While using this technique before the voltage conversion stage has the advantage of using a single
voltage converter for both sources, it forms a parallel structure of energy sources and limits the power
sources to have the same internal impedance. This results in the load being supplied by one of the
energy sources that has a higher voltage compared to the other source until another diode has a
higher voltage. Therefore, at any given time, only one energy source can be used [28,40,41].
Accordingly, to overcome this drawback, in this work, we present a hybrid energy harvesting system
designed to empower and comply with a wide range of wearable medical sensors such as those worn
on head and wrist but not limited to them. The primary objective of this system is to design and
implement a compact and efficient double-source harvesting energy system that simultaneously
harvests from solar and body heat sources, leading to an extended battery and system lifespan. This
energy harvester relies on compact PV panel and TEG modules. The collected energy from these
origins is stored in a 3.7 V, 300 mAh lithium battery, facilitating system charging. Additionally, two
ultra-low-power DC/DC boost converters are employed to efficiently obtain and manage the
generated powers from PV and TEG sources. The DC/DC boost converters ensure that the harvested
energy is effectively converted to voltage and current levels required for the system load, providing
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optimal use of available energy and increasing the overall battery life. Moreover, the utilization of

diminutive PV panel and TEG modules contributes to a streamlined and lightweight design,

rendering it well-suited for a variety of wearable applications.
Our contributions in this work are as follows:

e Designing a double-source hybrid PV/TEG energy harvesting system to achieve MPPT for either
input sources, both during battery charging and loading.

e Implementing the harvesting system with two DC/DC boost converters in which both are active
and employed simultaneously. The outputs of these converters are paralleled at their two similar
circuit nodes: the battery and the load nodes. Consequently, each power source operates with
MPPT, as well as they can charge/supply a common battery/load simultaneously or individually.

e Implementing a low-cost, compact form factor, and universal harvesting system compatible with
various range of wearable medical devices in different mode of wearability such as wrist/head
worn.

e Testing and validating the system in different environmental conditions with the most impact
and practical medical sensors such as IMU and PPG with the capability of turning into a self-
powered system.

The rest of this work is organized as follows: in Section 2 the materials, methods, and the study
design is described. We present the experimental results in Section 3. This is then followed by the

discussion in Section 4 and we conclude in Section 5.

2. Materials and Methods

We provide a requirement analysis in terms of the most popular and frequent used sensors in
health assessment, an investigation into the energy consumption of these sensors, the components of
the circuit, the proposed circuit, and the evaluation methodology. Considering the continuous and
constant need for the physiological sensors in measuring vital signs and health monitoring, the power
supply of these sensors, which is typically provided by batteries, becomes a significant issue, posing
constraints on these systems.

The design and implementation of the hardware harvesting system and medical sensors and
components are PV panel, TEG module, a lithium battery, and two BQ25504 ultra-low-power DC/DC
boost converters, MAX30102, and MPU6050.

To meet the desired power requirements, we considered two ultra-low-power DC/DC boost
converters for the PV and TEG sources, with identical configurations for battery settings. The ultra-
low-power DC/DC boost converter controls the output voltage of the PV panel and TEG module. The
low-power IC B25504 is the basis for this converter and the proposed structure, accepting a maximum
absolute input and output voltage range from -0.3 V to 5.5 V. This device can be used on a person's
face/head and wrist as wearable glasses or wristbands.

2.1. Vital Data and Medical Sensors

PPG is a non-invasive technique used to detect vital signs such as HR, SPO:, and BP. The carotid
artery in the neck, physical heartbeats in the chest cavity, or the radial artery on the wrist can all be
used for manual HR counting. Wearable finger/wrist/earlobe/forehead/temporal region-type PPG
devices have been increasingly developed for the convenience of individuals under supervision [42].
Two important features of wearable PPG devices are high accuracy and long operating time due to
lower power consumption if optimized. The MAX30102 sensor provides a convenient and efficient
solution for real-time monitoring of vital signs via red/infrared/combination. It offers reliable HR and
SPO: measurements, making it suitable for various applications of medical monitoring such as heart
diseases, high BP, coronary artery disease and heart failure. Furthermore, its compact form factor,
low power consumption initialization, wide range of voltage support, and supporting inter-
integrated circuit (I12C) protocol compatible with wide range of embedded systems allows easy
integration into various wearable devices, ensuring connectivity and data transmission [42-44].

This sensor consumes 6 mA in measurement mode and 2.7 mA in its sleep mode. Due to its low
energy consumption, the MAX30102 can be used in products such as smartphones, smart bracelets,
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and smartwatches with battery efficiency. The MAX30102 chip requires two separate supply
voltages: 1.8 V for the IC and 3.3 V for the red and infrared LEDs. Therefore, the module includes 3.3
V and 1.8 V regulators. The sensor has compact dimensions of 5.6 mm x 3.3 mm x 1.55 mm.

Another common example of sensors used in wearable technologies for health monitoring is
accelerometers. These sensors can measure physical activity by detecting changes in acceleration. The
characteristics of physical activity are a good indicator of an individual's level of mobility, the
presence of hidden chronic diseases, and the aging process, as reduced physical activity is a
significant factor in many diseases and associated functional disorders. By using the gyroscope and
accelerometer present in MPU6050, rotation along all three axes, static acceleration due to gravity,
and dynamic acceleration due to motion can be measured. This sensor combines a 3-axis
accelerometer and a 3-axis gyroscope to provide accurate motion tracking data. This capability
enables precise motion measurement in directions with 16-bit resolution. [45-47]. The current
consumption is 4.8 mA when active. Thus, due to its low energy consumption, it can be utilized in
wearable devices.

2.2. Proposed Hybrid Energy Harvesting System, and Hardware specification

The proposed block diagram and the sensor system development of the hybrid energy
harvesting system are shown in Figure 2. (a) and (b), respectively. This structure includes a PV panel
for solar energy harvesting, a TEG module for body thermal energy capture and two DC/DC boost
converters. These converters are independent at their input terminals to connect and boost one of the
input DC voltages of the PV panel and TEG module. In the later stage, they become parallel at their
two output terminals for connecting a battery storage and a microcontroller unit (NodeMCU Board)
as a load. We utilized to operate, acquire, and process the sensors MAX30102 and the MPU6050 and
data.

(a) (b)
Figure 2. (a) The Block diagram of the hybrid energy harvesting system; (b) Proposed development

of the hybrid energy harvesting system.

2.2.1. Solar Panel

We chose solar cell, model KXOB25-05X3F (x 10) from IXYS, each with dimensions of 23 mm x 8
mm X 1.8 mm and a maximum power of 30.7 mW under standard conditions: 25°C temperature and
1000 W/m? irradiance. This PV panel consists of a series and parallel connection of these ten cells with
an area of 1840 mm?, every two cells are connected in series, and ultimately, five strings are connected
in parallel. This model has a 25% power conversion efficiency. The KXOB25-05X3F solar cell is
designed to work effectively even in low light conditions and is suitable for various applications. Its
small dimensions and its light weight allow easy integration into wearable devices or in applications
where limited space is available. The electrical characteristics of this cell are given in Table 2. All
values measured at standard condition: 1 sun (= 100m W/cm?), Air Mass 1.5, 25 °C
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Table 2. KXOB25-05X3F Electrical Characteristics.

Symbol Cell Parameter Typical Ratings!
Voc open circuit voltage 207V
Isc short circuit current 19.5 mA
Vinpp voltage at MPP 1.67V
Timpp current at MPP 18.4 mA
Pumpp maximum peak power 30.7 mW
H Solar cell efficiency 25%

2.2.2. TEG Module

We used IMC06-126-03 TEG module with dimension of 16mm x 16mm and thickness of 1.4mm,
integrated in the hybrid energy harvesting system. Four TEG modules chained in series formed the
total area of 1024 mm?2. The polarity of the TEG depends on the direction of the cold and hot sides.
These TEGs are used to harvest energy from the body heat. The performance parameters are provided
in Table 3 for the TEG cold side in dry air at 27 °C.

Table 3. IMC06-126-03TEG Performance data.

Values at Hot Side Temperature

Symbol Parameter 35°C =5oC 85°C
Teold Cold Side Temperature, (°C) 27 27 27
Opty Optimum Efficiency, (%) 0.40 1.36 2.71
Porr Optimum Power, (mW) 20 233 964
Vorr Optimum Voltage, (V) 0.244 0.868  1.825
Voc Open Circuit Voltage, (V) 0.43 1.51 3.18

Isc Short Circuit Current, (A) 0.19 0.63 1.24

2.2.3. DC/DC Converter and Power Management Unit

The DC voltage produced by PV/TEG energy harvesters is typically low. DC/DC power
converters, such as boost converters, are used in the power management circuit to increase the
voltage to the required level.

To convert environmental energy into electrical energy, integrated energy harvesting ICs can be

used. Choosing an appropriate energy harvesting IC is influenced by various factors, which the most
important one is the type of energy source, i.e. solar energy, thermoelectric energy, RF energy,
piezoelectric, electromagnetic, etc. Other factors to consider include input/output voltage ranges,
cold-start voltage, minimum input power to cold-start, and quiescent current consumption.
Based on the impacting parameters, we identified, summarized, and compared the influencing
characteristics of several ICs from different companies such as Texas Instruments (TI),
STMicroelectronics, Analog Devices, and E-peas on their relevance to PV and TEG input sources (see
Figure 3) [48-55].

The integrated energy management circuit AEM10941 (E-peas, Ottignies-Louvain-la-Neuve,
Belgium), utilizes DC energy from solar panels with a maximum of seven cells. It provides the system
with two separate regulated voltages while simultaneously storing energy in a rechargeable element
[48]. Additionally, for simultaneous energy storage in a rechargeable element and providing a system
with two separate regulated voltages, the integrated energy management AEM20940 (E-peas,
Ottignies-Louvain-la-Neuve, Belgium) extracts DC power from a TEG [49]. The BQ25504 (Texas
Instruments, Dallas, Texas, United States), is an ultra-low-power boost converter and battery
management system designed for extracting power from DC sources such as PV panels or TEGs.
Low-input sources, like a 130mV input voltage, can be used to generate energy with BQ25504,
requiring only a few microwatts (uW) for cold-start [51]. Another crucial factor in choosing an IC is
the quiescent current consumption of the IC. According to Figure 2, both BQ25504 and BQ25570
(Texas Instruments, Dallas, Texas, United States) have very low quiescent current consumption,
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whereas LTC3105 has a significantly higher quiescent current. Therefore, we concluded that
AEM10941, AEM20940, BQ25504, and BQ25570 can be suitable options for circuits related to PV/TEG
energy harvesting of the wearables in medical applications, and according to low prices and easy
access, in this work, we chose BQ25504.

Comparison of commercial energy harvesters IC

25
B Vin,min V
B Vinmax V
Cold-Start V
20 Quiescent Current uA
B Minimum cold-start input power uW
15
10
5
0

AEM10941 AEM20940 ADP5091/92 BQ25504  BQ25570 SPV1050 LTC3106 LTC3105

Figure 3. Comparison of several examples of commercial energy harvesting ICs used for PV/TEG
energy sources.
2.2.4. Energy Storage Unit

The harvested energy is stored in a rechargeable lithium battery with dimensions of 40 mm x 11
mm x 4 mm, capacity of 300 mAh, and a nominal voltage of 3.7 V, which reaches 4.2 V when fully
charged. Energy can be stored in supercapacitors, or conventional capacitors, rechargeable lithium-
ion batteries, and thin-film batteries.

2.3. Proposed Multi-Port Energy Harvesting Circuit

The details of the proposed multi-port energy harvesting power circuit are shown in Figure 4.

VIN_DC

Accelerometer
Sensor

Figure 4. The proposed multi-port energy harvesting system.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2024 d0i:10.20944/preprints202403.1487.v1

In this structure, both Vear and Vstor pins of both converters are connected to each other (output
parallel). As a result, a single battery terminal and a single load terminal are achieved by these
common pins to integrate the system input battery and output load. The battery overvoltage (OV)
and undervoltage (UV) configurations of both boost converters should be designed as the same (see
Figure 5). Therefore, each power source operates with MPPT, as well as they can charge/supply a
common battery/load simultaneously or individually.
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Figure 5. circuit schematic of the BQ25504 ultra-low-power DC/DC boost converter.

2.3.1. MPPT, Overvoltage, and Undervoltage Protection

MPPT is implemented to maximize the power extracted from the energy harvesting source. The
boost converter indirectly adjusts the input impedance of the main boost charger by setting the input
voltage of the charger, as sensed by the Vin_pc pin, to the reference voltage stored in the Vrer_samp pin.
The MPPT circuit obtains a new reference voltage every 16 seconds by deactivating the charger for
256 ms and sampling a fraction of the open-circuit input voltage (Voc) of the harvester circuit. For PV
harvesters, the MPPT is usually 70 to 80 percent of Voc, and for TEG harvesters, MPPT is typically 50
percent [56]. The precise MPPT ratio can be optimized for the input source requirements by
connecting external resistors, Roc1 and Rocz, between Vin_oc and GND with the midpoint at Voc_same,
as calculated according to equation (1) [51].

Rocl

VrEF—samp = VIN_DC(Open Circut) (m) ey
ocl oc

To prevent deep discharge and damage to rechargeable batteries and avoid complete discharge from
a capacitor storage element, the voltage threshold (Vsaruv) is set by external resistors. The voltage
threshold Vear_uv is obtained when the battery voltage is decreasing, as calculated by equation (2):

Ryy,
Vear uv = Vpras(1 + R ) 2)
uvi

Additionally, to prevent rechargeable batteries from being exposed to excessive charging
voltages and to avoid overcharging from a capacitor storage element, the threshold level of
overvoltage (Vsar_ov) is adjusted using external resistors, as well. This voltage is set by the charger
pin Vstor/Vear when there is sufficient input power. The Vsarov threshold is obtained when the
battery voltage is increasing, as calculated by equation (3):
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ROVZ
)

3
Vear ov = EVBIAS(l + 3)

ROVl

3. Experimental Results

The proposed sensor node, which includes two MAX30102 sensors and an MPU6050, has two
operating modes: active mode, in which the MAX30102 sensor is activated for 10 S at a sampling rate
of 200 Hz, to record HR data, and then it goes to sleep for 180 S. The MPU6050 sensor module also
works continuously with a sampling rate of 50 Hz. We tested and measured the battery lifetime of
the sensor node under the condition that the energy harvesting system disconnected. We assumed
the total operation time of the node in this case is (T). Therefore, in the active mode, the current
consumption of the node is measured: Ion = 36 mA for a period of Tox = 10 S. Besides, in the sleep
mode, we recorded the current consumption of Isiep = 32 mA during Tsieep = 180 S. Thus, the average
current consumption is lave = 32.21 mA.

With the node’s operating voltage of 3.3 V, the power and energy are 106.29 mW and 382.6 Joules,
respectively. As a result, with the battery capacity of 300 mAh, the total battery lifetime (Tsar) is
calculated as 300 mAh/32.21 mA =9.31 hrs.

To calculate the energy produced by PV panel (Erv), we considered three environmental
conditions in which a subject/user wore the sensor node and work comfortably.

e  Sunny day facing the sun,

e  Sunny day back to the sun,

e  Shady or cloudy conditions.

We performed the experiments under these conditions for 10, 60, and 120 minutes.

Under 120 minutes test conditions, the average power of PV panel in direct sunlight, back to the
sun, and shaded conditions are 235.5, 140 and 10.25 mW, respectively (see Table 3). Therefore, Epv is
calculated using equation (4), which equals 4472.88 joules.

Epy = Ppy Xt
Epy = [(2.94V x 80.1mA X 4h) + (2.8V x 50mA X 2h) + (2.18V x 4.7 mA x 2h)] x 3600s
= 4472.88 Joules

The battery has a capacity of 300 mAh, and the maximum voltage is 4.2 V. So, using equation (5)
the battery has stored energy of 1260 joules, where Csar is the battery capacity, and Vsar is the battery
voltage.

Epar = Cpar X Vpar
Egar = 300mAh X 4.2V = 1260 mWh )

The estimated charging time (Tcw) of battery by PV energy harvester is measured as:
Tew = Epar/Epy

Tey = 1260/4472.88 = 0.28 day = 6.72 hrs ©
Table 3 shows the details of the PV panel test conditions.
Table 3. PV panel testing conditions on a sunny day and measured energy.
Test conditions St-mny day: facing the sun Slfnny day: back to the sun
10 min 1 hour 2 hours 10 min 1 hour 2 hours

Vv (V) 2.92 291 2.94 2.8 2.7 2.8

Ipv (mA) 71.2 63.4 80.1 51.7 48.5 50
Prv (mW) 207.9 184.5 235.5 144.76 131 140
Vsarr (V) 3.75 3.96 3.96 3.83 3.81 4.04
Javrage (MA)! 32.21 33.21 33.21 33.26 34.15 32.21

1[(ISTOR-l[(ISTOR-ON X Tactive-Sensor) + (ISTOR-OFF X Tsleep-Sensor)] / T.
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In the same manner, the output energy of the TEG module is measured as follows:
Erge = Prgc X trgg 7)
In a scenario where the output power of the TEG module (Ptec) is considered as 82.2 mW and
for a period of 8 hours, the generated TEG energy at a temperature difference (AT) of 8 °C (AT = Thot -

Teold = 35 °C - 27 °C = 8 °C) is calculated as Etec = 2367 joules. Table 4 shows the details of the TEG
module test conditions.

Table 4. Details of TEG module testing conditions in temperature difference AT= Thot- Teotd= 35 °C - 27

°C=8°C.
- Indoor
Test Conditions 10 min 1 hour
Vrec (V) 0.96 0.96
Itec (mA) 82.2 82.2
Prec (mW) 78.912 78.912
Vaarr (V) 3.93 3.92
Lavrage (MA)! 32.21 33.21
Skin temperature 35 35
Environment temperature 27 27

1[(ISTOR—ON X Tactive-Sensor) + (ISTOR-OFF X Tsleep-Sensor)] / T.

3.1. The Results of the Hybrid Energy Harvesting System

The conversion efficiency of the PV panel harvester is calculated at the maximum measured
input power of 1840 mW. This amount is 1000 W/m? of sunlight intensity, and according to the
measured PV panel area of 0.01840 m?, the maximum peak power output at Standard Conditions to
the harvester is 307 mW and the conversion efficiency is 16.68 %. We have conducted our experiments
in several steps for the wearable medical sensor and, we also evaluated the PV and TEG energy
harvesting system under various resistive loads. Each step is explained below.

3.1.1. First Experimental Stage: Wearable Sensor Node

Figures 8 shows the measured power of the PV energy harvester at different hours on 27 and 28
August 2023, 10 minutes, one and two hours, respectively, and for a sunny day, facing the sun, back
to the sun and a shadow day where Prec = 0. According to this comparison, the negative battery
power indicates the battery is charging, and the positive battery power means that the battery is being
discharged and the power consumption is also provided from the battery.

Since boost-based converters operate in discontinuous conduction mode (DCM), it is difficult to
mathematically calculate the average or root mean square (RMS) input current of the BQ25504
converter. And since TI does not publish the internal switching FET capacitances needed to calculate
the switching losses, the best way to calculate the losses of the BQ25504 is to measure the input and
output power and then calculating the efficiency, as follows:

Piy = Pioss + Pour (8)
(. Poyr = Pgrop
if P >0 -
_ Pour _ J Poar {PIN: Ppy + Preg+ |Pgyql o)
Py

if Pgar <0 _>{P0UT = Pgrop + |Ppyrl
Py = Ppy + Prgg
The maximum conversion efficiency on a sunny day facing the sun, () is 85 %. where 1 is the
ratio of output power to input power. Therefore, the PV energy harvester charges the battery and
provides the current consumption of the sensor node. Also, on a sunny day back to the sun, the PV
panel alone can support the total power required for sensor node, and it turned into a self-powered
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system without battery (see Table 3). The maximum conversion efficiency on a sunny day back to the

sun, () is 80 %.

According to Figure 6, the PV panel cannot provide the total consumption of the sensor node
in the shadow day, and therefore, the battery acts as a backup and provides the rest of the
consumption power of the sensor node.

300

200

[y
[=1
=]

Power (mw)
=

=100

-200

BFPV

BFPBAT

EPSTOR
PTEG

Sunny day: Facing the sun Sunny day: back to the sun Shadow AT = 8°C

Figure 6. Exchange of PV/TEG power, battery and wearable sensor node power in different weather

conditions.

Also, Figure 68 shows the TEG module test conditions at a temperature difference of 8 °C where
Prv=0. In this situation, in addition to the TEG module, the battery also feeds part of the system load.
The maximum conversion efficiency of the TEG module (1) is 82 %.

3.1.2. Second Experimental Stage: PV Energy Harvesting System under the Various Resistive Loads

Figure 7 illustrates the values of PV input power, battery power, and output power under
various resistive loads on a sunny day. It also shows the person's entering into the shade for a few
minutes under specific conditions and then returning to sunlight.

Power(mW)

400

300

200
100

=100

-200

Power demand at different loads

48 56 63 122 180 200 330 560 No Load
RL(Q)

Figure 7. The power demand of the PV energy harvesting system under the various resistive loads.

According to the diagram, in the no-load state, the energy harvested from the PV panel is stored
in the battery, and then the resistive load values are changed from 31 mW to 312 mW. In five points
of this diagram, in addition to supplying the load from the PV energy harvester, the battery is also
being charged, and the efficiency is 83%. In the rest of the points, due to the high demand of the load,
the battery is being discharged, and the efficiency is 87 %, because the power consumption of the
system is also provided by the battery. The efficiency and power losses of the PV energy harvesting
system under various resistive loads on sunny days and specifically in shadow conditions are shown

in Figure 8.
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Efficiency and Py, at different loads
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Figure 8. Efficiency and power losses of the PV energy harvesting system under various resistive
loads.

3.1.3. Third Experimental Stage: TEG Energy Harvesting System under the Various Resistive Loads

Figure 9 illustrates the values of TEG input power, battery power, and output power under
various resistive loads at a temperature difference of 8 °C. According to the diagram, in three points
of this diagram, in addition to supplying the load from the TEG modules, the battery is also being
charged. The efficiency and power losses of the TEG energy harvesting system under various
resistive loads at a temperature difference of 8 °C conditions are shown in Figure 10.

AT=T - T yq = 35°C - 27°C = 8°C

350
300 PTEG
2 —o— PBATT
50 —e— PSTOR
= 200
=
& 150
Yt
£ 100
o
&~ 50
0 v
-50 \‘\‘\’
-100
48 56 68 100 180 200 330 560 No Load

RL(Q)

Figure 9. The power demand of the TEG energy harvesting system under the various resistive loads.
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Figure 10. Efficiency and power losses of the TEG energy harvesting system under various resistive
loads.

3.1.4. Fourth Experimental Stage: Hybrid Energy Harvesting
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Figure 11 shows the contribution of hybrid energy harvesting sources in shade conditions and a
temperature difference of 8 °C to supply wearable sensors node and the load of 34 mW. Under the
34-mW load, in addition to supplying the load, the battery is also charged and the system efficiency
is 92 %. Furthermore, the system efficiency with the wearable sensor node is 95%.

Hybrid energy harvesting
120
100 HPFV
EPBATT
EPSTOR

FTEG

Power(mW)

RL =34mW wearable sesnsor node

Figure 11. The contribution of hybrid energy harvesting resources in supplying the output load, in
shadow conditions.

Also, in Figure 14, the hybrid energy harvesting system on a partly cloudy day and temperature
difference of 8 °C, for the sensor node of the wearable system, is compared with different conditions
of the single energy harvesting system in the sunny day facing the sun, back to the sun, shade and
night modes. According to this diagram, MPPT has been achieved in the hybrid structure of both
energy harvesting sources.

The efficiency and Ploss of the system in different conditions in Figure 12, of sunny day facing the
sun, a sunny day with its back to the sun, a shadow day, the TEG module in a temperature difference
of 8 °C, and the efficiency of the hybrid energy harvesting system in shadow conditions and a
temperature difference of 8 °C are shown in Figure 13. In the shadow condition, the battery provides
most of the output power, and as a result, the system efficiency is high, while in the hybrid energy

harvesting system, the system efficiency is 96 %, and the battery provides a small part of the
consumed power.

200
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£
E
[
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0
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harvesting
Test Conditions

Figure 12. Power contribution of hybrid energy harvesting system for wearable sensor node.
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Efficiency and P, at different loads
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Figure 13. Energy harvesting system efficiency and Pioss.

4. Discussion

We designed and developed a wearable device for health monitoring in the head/ face and wrist
region, focusing on long-term continuous measurement developing a hybrid double source. We
mainly targeted people engaged in outdoor activities, such as workers in the oil and gas industry.
Given the high-power density of solar cells outdoors, a hybrid of PV and TEG energy is utilized to
quickly and sufficiently harvest energy from sunlight and body heat. Since body heat is an inherent
part of the human body, TEG can provide a useful energy source for wearable medical devices when
sunlight is not available or when a person is inside a building, considering the temperature difference
of the available energy source. This improves the temporal-spatial stability and reliability of
harvesting system.

The system harvests input powers from PV and TEG sources simultaneously, utilizing two
BQ25504 low-power DC/DC boost converters, to supply the load and charge the battery. By
eliminating Schottky diodes with high power losses and voltage drops, and only harvesting energy
from the source with the higher voltage at any given moment, this structure can enhance the system's
performance. Additionally, the PV panel and TEG modules support small form factor and high
efficiency, which are essential in providing the ease of use, user experience, and unobtrusiveness of
wearable devices.

Table 5 shows the comparison of the proposed hybrid energy harvesting system with the related
previous works [28,30,57,58]. In any wearable device, the total dimension and form factor play the
pivotal roles in user experiences, useability, and practicability that lead to unobtrusiveness. Thus,
careful circuit design and components selection are vital due to the limited space. Considering these
points, we tried to reduce the overall area of the PV and TEG energy harvesting system much lower
compared to other works Consequently, this can facilitate further wearing wearable devices by users
and drive them towards the wear-and-forget. Although, our careful design and components selection
resulted in shrinking the size of PV panel and TEG module, but this reduction in dimensions did not
decrease the output power of the PV panel and TEG module. The harvesting sources could achieve
an appropriate output power from solar sources and body heat, which can support powering medical
sensors and wearable medical devices, and store excess harvested energy in batteries — in an ideal
condition. The power consumption of the systems depends on various factors, including the types of
sensors. The other influencing factor in assessing the total energy consumption is the
MCU/embedded system. There are numerous of them which could be well suited for wearable
devices. For example, low-power MCUs such as nRF52840 (Nordic Semiconductor, Trondheim,
Norway), MSP430FR5969 (Texas Instruments, Dallas, Texas, United States), ADuCM302/ADuCM305
(Analog Devices, Wilmington, Massachusetts) and STM32L4 (STMicroelectronics, Geneva,
Switzerland) can extended battery life. However, due to the focus, i.e. the energy harvesting system
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itself and its suitability of integration in wearable devices, and not the device from one side, and the
available and economic expense, we used NodeMCU microcontroller which compared to other
microcontrollers with lower power consumption, comparing the total energy consumption is not
provided as it could simply be impacted and does not reflect the actual efficiency of the system.

When harvesting energy from multiple sources, some kind of OR-ing structure is needed. This
can be done before or after the voltage conversion step [40,41]. While using the first structure has the
advantage of using a single voltage converter for both sources, it limits the power sources to having
the same internal impedance, and only one source can be used at a time. Therefore, using two
BQ25504 ultra-low power boost converters with the same configuration, we made it possible to
achieve simultaneous energy harvesting from input sources and separate MPPT for each source,
which does not require an additional diode in the output part, and reduces the power loss.

Although continuous measurement of physiological and non-physiological parameters is of
concern to all groups of occupations and health, however, some of the targeting group could take the
priority due to several reasons such as safety and harsh environmental conditions which expose them
in more frequent risks. Workers in the oil and gas industry are of which the continuous monitoring
provide them with several advantages. For instance, it is known for its hazardous working
conditions, including exposure to toxic chemicals, high-pressure equipment, extreme temperatures,
and physically demanding tasks. Wearable health monitors can help identify potential health risks
and provide real-time alerts in case of emergencies, enhancing worker safety. Besides, fatigue is a
major concern in the industry — not only in oil and gas, but as long working hours can also lead to
decreased alertness and cognitive function. Wearable devices can track sleep patterns and activity
levels to help employers and workers manage fatigue effectively, reducing the risk of accidents.
Additionally, wearable devices can continuously monitor vital signs like HR, body temperature, and
respiratory rate. This enables the early detection of health problems such as heat stress, or cardiac
issues, allowing for timely intervention and prevention of more serious health events. Monitoring the
health of workers in the oil and gas industry through wearables is crucial for enhancing safety,
preventing accidents, complying with regulations, and improving overall worker well-being and
productivity.

Therefore, considering the condition in which our proposed system is worn by the workers
outdoor exposed to the sunlight for two hours (in actual situation of workers in oil and gas industry,
the period is longer) the energy consumption of the wearable sensor node is turned into a self-
powered system [28]. In this situation, surplus energy is also stored in the battery for times when
energy harvesting sources are not available. However, one of our main limitations is evaluating the
system in real conditions in the workplace, particularly in the oil and gas industry. Additionally,
convincing individuals to wear these glasses during work poses a challenge. The application of this
system can be considered not only for workers in the oil and gas industry but also for other
individuals such as mountaineers and those interested in health monitoring.

In future work, it is possible to expand the energy harvesting input sources and provide a multi-
input hybrid structure (e.g., body motion energy or RF ambient energy). Furthermore, integrating
health monitoring sensors such as those for checking blood glucose levels of individuals with
diabetes, skin temperature for detecting fever, and more. Additionally, the use of flexible
components, which bring a lot of comfort to wearable devices, can be explored.

Table 5. Comparison of the current work with some previous studies.

Area of Power of mode of Energy Circuit
Energy  Sensors Energy . . .
re harvester  harvester device Management MCU unit Techniques
Source deployed Storage . .
(mm?) (mW) wearability 1C for Hybrid
Two energy
Panel= Panel =307,
. PV, PPG, Battery, Glasses, Wrist- BQ25504 NodeMCU harvesting
This 1840, TEG=TEG =78.2 at
TEG Accelerometer 300mAh worn Boost ESP8266 from both
work 1024 (AT =8°C)

Converter sources,




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2024

doi:10.20944/preprints202403.1487.v1

17
without
diode
Tmperature
Sensor, pulse
. Super-  Panel=  Panel =207, LTC3105
PV, oximeter Power OR-
[28] capacitor,4320, TEG= TEG=50at Wrist-worn Bosst ATmega-328p
TEG sensor, and ing.
50F 1600 (AT =20°C) Converter
accelerometer
sensor
. TEG =0.023 LTC3108
powering a .
TEG N/A TEG=559 at(AT=10 Wrist-worn Boost N/A -
[30] LED
°C) Converter
Battery,
CR2025- BQ25570 Atmel
[57] PV N/A super- 40000 820 N/A Buck-Boost ATMEGA328P-
capacitor, Converter AU
4F
Nano-power BQ25570
energy
accelerometer, Buck-Boost
Panel = Panel =4.42, harvesting
PV, atemperature Battery, Converter
3892, TEG =TEG =2.62 at bracelet MSP430FR5969 from both
TEG sensor and an 40mAh and LTC3108
[58] 560 (AT =16°C) sources,
analog Boost . .
. with diode
microphone Converter

5. Conclusions

One of the main challenges in continuous and unobtrusive measurement of health-related
parameters by wearable biomedical sensors is the battery (capacity and form factor). Energy
harvesting techniques (single/multisource) are widely used to extend the lifetime of wearable nodes.
We designed and implemented an efficient and hybrid PV/TEG energy harvesting system in a
compact form factor, low-cost, and compatible with the wearables in a wide range of wearability,
those worn on face, head and wrist regions to prolong the measurement and support the continuous
monitoring of physiological parameters. At the core of the system, we utilized two BQ25504 DC/DC
boost converters in which both are active and employed simultaneously. The outputs of these
converters are paralleled at their two similar circuit nodes: the battery and the load nodes.
Consequently, each power source operates with MPPT, as well as they can charge/supply a common
battery/load simultaneously or individually. The proposed system is tested for proper operation with
experimental results that demonstrate the feasibility of the overall design. During the experimental
results, we could increase the lifetime of the sensor system and double of battery lifetime to 18 hours.
The efficiency of the proposed hybrid energy harvesting system is 96%. The efficiency of the system
resulted in turning the system into a self-power under the direct sunlight for the duration of 2 hours.
Our results indicate that the system could be further extended and used in occupations where the
user’s workplace is outdoor.
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