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Abstract—In this paper, an autonomous wearable sensor node is 

developed for long-term continuous healthcare monitoring. This 

node is used to monitor the body temperature and heart rate of a 

human through a mobile application. Thus, it includes a 

temperature sensor, a heart pulse sensor, a low-power 

microcontroller, and a Bluetooth low energy (BLE) module. The 

power supply of the node is a lithium-ion rechargeable battery, but 

this battery has a limited lifetime. Therefore, a photovoltaic (PV) 

energy harvesting system is proposed to prolong the battery 

lifetime of the sensor node. The PV energy harvesting system 

consists of a flexible photovoltaic panel, and a charging controller. 

This PV energy harvesting system is practically tested outdoor 

under lighting intensity of 1000 W/m2. Experimentally, the overall 

power consumption of the node is 4.97 mW and its lifetime about 

246 hours in active-sleep mode. Finally, the experimental results 

demonstrate long-term and sustainable operation for the wearable 

sensor node. 

 
Keywords—energy harvesting, healthcare monitoring, wearable 

sensor nodes, photovoltaic, Bluetooth low energy (BLE) 

I. INTRODUCTION 

ODAY, wearable sensor nodes are becoming more popular 

in medical applications, such as healthcare monitoring 

[1,2]. Further, these sensor nodes introduce an important 

concept used in Internet of things (IoT) applications [3-5]. 

Supplying power is a critical issue for wearable sensor nodes 

because of the limited lifetime of their batteries [6-9]. There are 

several energy sources available, such as photovoltaic energy, 

thermal energy, radio frequency (RF) energy, and piezoelectric 

energy [10-14]. Photovoltaic energy is a promising solution due 

to its higher power density among these sources [15]. Therefore, 

the battery lifetime of the sensor nodes should be enhanced by 

effective PV energy. Hence, a perpetual photovoltaic energy 

harvesting system is implemented to provide efficient power to 

solve the power-supplying problem. 

     In the literature, many wearable sensor nodes with energy 

harvesting systems were introduced to continuously measure the 

vital healthcare data of the human body [16-19]. Thang Viet and 

Young Chung presented a sensor node in [16], which was 

designed with an Electrocardiography sensor and 

Photoplethysmography sensor. The sensor node was based on 

the HC-06-4.2 GHz wireless module and powered by a 500 

mAh battery. However, this node had a limited lifetime of 41 
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hours and consumed high power (41.25 mW). In [17], M. Dai et 

al. introduced a sensor node for vital-signal monitoring, which 

has only one Electrocardiogram (ECG) sensor and is powered 

by a 310 mAh battery. It had a lifetime of 31 hours and its power 

consumption was about 29.74 mW. J. C. Lim et al. in [18], 

proposes a sensor node, containing a low temperature sensor, 

XBee, and a battery with a capacity of 1500 mAh, but the 

lifetime of this node was 40 hours, its power consumption was 

91.41 mW, and it was not wearable. In [19], Taiyang-Wu et al. 

presented a flexible wearable sensor node used with a super-

capacitor with voltage of 5.4 V. The sensor node continuously 

operates only for 12 hours and consumed power of 28.98 mW. 

It includes a Photoplethysmogram (PPG) sensor, an 

accelerometer, and a micro-SD card memory. 

     In this regard, the main aim of this paper is prolonging the 

battery lifetime of the developed wearable sensor node. Thus, a 

novel software algorithm is implemented to extend the lifetime 

and save the power consumption of the node. The power 

consumption of the sensor node is reduced from 64.68 to 4.97 

mW and its lifetime is increased from 26.5 to 246 hours. In 

addition, a PV system is developed to harvest Photoenergy for 

the battery of the node. Moreover, the proposed node offers a 

long-term operation for healthcare monitoring using BLE 

wireless technology. The sensor node is also worn continuously 

without battery replacement. 

     This paper is organized as follows: Section II presents the 

design of the developed wearable sensor node with a PV energy 

harvesting system. Section III depicts the hardware architecture 

of the developed wearable sensor node. Section IV introduces 

the implementation of the developed wearable sensor node 

software. Section V shows the experimental results of this work. 

Section VI discusses the results. Finally, the conclusion of the 

paper is given in section VII. 

II. WEARABLE SENSOR NODE WITH ENERGY HARVESTING 

This paper introduces a design for a wearable sensor node 

with a PV energy harvesting system. Fig. 1 illustrates a block 

diagram of the wearable sensor node with a PV energy 

harvesting system. The system block diagram consists of two 

major parts: the first one is the PV energy harvesting system, 

which is composed of a flexible PV panel to detect the light, and 

a charging controller to regulate the output voltage of 
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a rechargeable battery that is used as a backup power supply in 

the absence of light. The wearable sensor node is the second part 

that contains a microcontroller unit for processing the signals, a 

body temperature sensor to sense the temperature, a heart pulse 

sensor to measure the beats, and low energy Bluetooth that is 

used to transmit the vital data of the human body. This node is 

connected to an android application to monitor healthcare data 

on a mobile device. 

 

 
Fig. 1. Block diagram of the developed wearable sensor node with a 

photovoltaic energy harvesting system. 
 

A. Power Calculations Without Photovoltaics 

The proposed sensor node operates in two modes: active and 

sleep. Here, the total operation period of the node is (T). In the 

active mode, (Ion) is the current consumption of the node, and its 

period is (Ton). In sleep mode, (Isleep) is the current consumption 

of the node, and its period is (Tsleep). Hence, the average current 

(Iaverage) of the two modes of the sensor node is calculated 

through Eq. (1). The lifetime in which the battery (TB) can 

supply the wearable sensor node with energy is estimated by Eq. 

(2), where (Cbattery) is the capacity of a battery: - 

 

Iaverage = [(Ion × Ton) + (Isleep × Tsleep)] / T                                (1) 

 

TB = Cbattery / Iaverage                                                                         (2) 

 

Theoretically, a case study is estimated from the Eqs. (1) and 

(2). According to calculations, the total operating period (T) of 

the node is presumed to be one hour. In active mode, the current 

consumption (Ion) of the node is assumed to be 19.65 mA during 

a period (Ton) of 60 seconds. In sleep mode, the current 

consumption (Isleep) of the node is supposed to be 1.15 mA, and 

the node operates for a period (Tsleep) of 3540 seconds. Thus, 

Iaverage = [(19.65 mA × 60 s) + (1.15 mA × 3540 s)] / 3600 s = 

1.458 mA. The operating voltage (V) of the node is assumed 3.3 

V. Thus, the corresponding average power and energy are, 

respectively, 4.811 mW and 17.32 Joules. Hence, if the battery 

capacity is assumed to be 4800 mAh. Therefore, the total 

lifetime (TB) for the battery of the sensor node is calculated to 

be 4800 / 1.458 = 3292.18 hours (137.17 days). 

 

B. Power Calculations With Photovoltaics 

The energy from the photovoltaic panel is estimated by Eq. 

(3), where (Ppv) is the PV panel power, and (t) is the time in 

which the PV panel is providing energy. Further, the theoretical 

stored energy (Estored) by the battery of the sensor node is 

calculated using Eq. (4), where the (Vnode) is the battery voltage, 

(Inode) is the node consumed current, and (tnode) is the time in 

which an energy consumed from the battery. In addition, the 

time required (Tchrg) to charge the battery fully from the PV 

panel is calculated using Eq. (5): -  

 

Epv = Ppv × t                                                                             (3) 
 

Estored = Inode × Vnode × tnode                                                      (4) 
 

Tchrg = Estored / Epv                                                                    (5) 

A case study is calculated theoretically from Eqs. (3), (4), and 

(5). Suppose that the average power of the PV panel is 230 mW 

(4.6 V × 50 mA), and it is illuminated from the sunlight for 6 

hours per day. Hence, Epv = 230 mW × 6 × 3600 = 4968 Joules. 

The battery voltage is selected as 4.2 V. Thus, Pstored = 4800 

mA× 4.2 V = 20.16 W. Therefore, the stored energy of the 

battery can be calculated as Estored = 20.16 × 3600 = 72576 

Joules. Therefore, Tchrg is equal to 72576 / 4968 = 14.6 days (350 

hours). The charging time (Tchrg) is a lower than the lifetime (TB) 

of the node. Therefore, the proposed photovoltaic energy 

harvesting system is sustainable for supplying the developed 

wearable sensor node. 

III. HARDWARE ARCHITECTURE OF THE WEARABLE SENSOR 

NODE 

In this work, Fig. 2 shows the hardware architecture of the 

developed wearable sensor node. The wearable sensor node 

includes two low-power healthcare sensors: One is a 

MAX30205 manufactured by Maxim® to measure body 

temperature, and the second is a heart pulse sensor chosen as 

SEN-11574 from SparkFun Electronics® for measuring the 

heartbeats. In addition, a LilyPad Arduino board from Atmel® 

was used as an ATmega328p microcontroller unit for 

processing the healthcare sensors data. The hardware 

architecture is based on BLE technology using an HM-10 

module from Texas Instruments®. This module was used for 

data transmission. As complementary work, a photovoltaic 

energy harvesting system was implemented to extend the 

lifetime of the wearable sensor node without replacing the 

rechargeable battery.  

Moreover, an amorphous flexible PV panel (MPT 4.8-75) 

was used from PowerFilm® with an area of a 7.2 × 6.0 cm2. This 

PV panel can output a maximum voltage of 4.8 V and output a 

maximum power of 240 mW at 1000 W/m2. It is connected to a 

TP4056 charging controller, and a 18650-lithium ion 

rechargeable battery with 4800 mAh capacity. This battery 

supplies 20.16 Wh to the wearable sensor node, and its voltage 

of 4.2 V. The battery voltage is regulated to 3.3 V using a 

MCP1700 low dropout (LDO) voltage regulator, because the 

operating voltage of the microcontroller is 3.3 V. The battery is 

used to store the harvested energy from the flexible PV panel 

for long-term operation. In this work, the developed wearable 

sensor node was tested outdoors with the sunlight, which was 

the illumination source, and a solar power meter was used to 

measure the irradiance levels. Table I gives the current 

consumption and operating voltage of the used electronic 

components of the developed wearable sensor node. 
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Fig. 2. Hardware architecture of the developed wearable sensor node. 
 

TABLE I  

THE PROPOSED ELECTRONIC COMPONENTS IN THE DEVELOPED WEARABLE 

SENSOR NODE 

IV. WEARABLE SENSOR NODE IMPLEMENTATION 

Fig. 3 shows the software flowchart of the developed 

wearable sensor node. There are two modes for the wearable 

sensor node: the active mode and sleep mode. At first, the 

microcontroller of the sensor node was programmed to active 

mode (wake-up) in order to measure and transmit the healthcare 

data for 15 seconds. Secondly, all sensors were turned off, and 

then, the BLE module was slept. Thirdly, the microcontroller of 

the wearable sensor node entered sleep mode for 885 seconds 

(configured time) to save power. Then, the microcontroller 

wakes up again to power all sensors and BLE module for 15 

seconds, and so on. Finally, the previous steps were 

continuously repeated in a loop. The software algorithm of the 

sensor node was implemented using the C language. The mobile 

phone received the healthcare data from the wearable sensor 

node and monitored the measurements on the HMBLE Terminal 

android application. Due to the development of the software 

flowchart, the sensor node’s lifetime was extended to 246 hours. 
 

 
 

Fig. 3. The software flowchart of the developed wearable sensor node. 

V.  EXPERIMENTAL RESULTS 

Experimentally, at 1000 W/m2, the used flexible PV panel 

was tested outdoors with the sun irradiance source in order to 

validate its I-V and P-V characteristic curves. Fig. 4 shows the 

I-V and P-V characteristic curves of the used flexible 

photovoltaic panel. It is clear that the PV panel’s maximum 

current value was 49.5 mA at 4.6 V, with a maximum power 

value of 207 mW at 4.6 V. In addition, Table II shows the 

practical power consumption of the wearable sensor node 

according to two different modes. In stage 1, the wearable 

sensor node is configured in active mode. Thus, all the used 

components of the node draw 19.6 mA of total current and 

consume 64.68 mW of power. At stage 2, the wearable sensor 

node is put in sleep mode for 14 minutes and 45 seconds and 

consumes 3.96 mW. Also, the average current consumption of 

the wearable sensor node during sleep mode is experimentally 

measured at 1.2 mA. According to the experimental 

measurements, the average power consumption (Pavg) of the 

sensor node is calculated using Eq. (6). Therefore, the average 

power consumption is equal to 4.97 mW in one hour. The 

measurements were experimentally taken using a YF-78 multi-

meter. Fig.5 demonstrates the setup for the developed wearable 

sensor node with photovoltaic energy harvesting. During setup, 

the flexible PV panel was placed on the wrist of a human hand. 

In the front area of the setup, the sensors (SEN11574, 

MAX30205), and BLE were soldered on a LilyPad Arduino 

board. The total area of the LilyPad board was (5.0 cm × 5.0 

cm). The LilyPad was sewed on a suitable textile, and the 

charging controller was placed inside this textile.  
 

Pavg = [(PActive × TActive) + (PSleep× TSleep)] / T                          (6) 
 

 
Fig.4. I-V and P-V characteristic curves of the flexible photovoltaic panel at 

1000 W/m2  
 

TABLE II  
THE POWER CONSUMPTION OF THE NODE AT TWO STAGES 

 

Stage  Mode Current (mA) Power (mW) Time (s) 

   1 Active 19.6 64.68 15 

   2 Sleep  1.2  3.96 885 
 

 
 

Fig.5. The setup for the developed wearable sensor node. 

Components        Model Voltage (V) Current (mA) 

Temperature Sensor MAX30205 3.3 1.3  

Heart Pulse Sensor SEN-11574 3.3 3.1 

Microcontroller ATmega328p 3.3 6.1  
BLE module HM-10 3.3 9.15  
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Fig. 6 illustrates the discharging curves of the battery for the 
sensor node in the active mode and active-sleep mode. 
Therefore, in active mode, the voltage of the battery decreases 
from 4.2 V to 3.3 V, and the node’s lifetime reaches 26.5 hours. 
In active-sleep mode, the battery takes about 246 hours to 
discharge from 4.2 to 3.3 V. Fig. 7 demonstrates the voltage 
monitoring from the battery over 24 hours. The voltage is 
continuously monitored every second using an Arduino board. 
Then, the voltage readings are plotted in an Excel file. The 
monitoring operation was started in 12:00 am on 27-January-
2019, and terminated at 12:00 am on 28-Junuary-2019. In this 
experiment, the node is configured in the active-sleep mode, and 
is connected to the battery with the PV harvesting system, which 
is placed in the night for 18 hours, and is directed to the sunlight 
for 6 hours. It is clear that the battery voltage is decreased in the 
night, and is increased during the sunlight. Therefore, the 
battery voltage is remained between 3.87 V to 4 V. Moreover, 
the PV harvesting system with the battery provides sufficient 
energy to supply the node. Finally, the experimental results 
illustrate that the system can sustainably work. 

 

 
Fig. 6.  Discharging curves of the battery: (a) at active mode; (b) at active-sleep 

mode 
 

 
Fig. 7.  The 24 hour operation time of the battery voltage monitoring  

Fig. 8 illustrates the heartbeats monitoring from the node for 

an adult human over time. The heartbeats are changed under 

different physical conditions of a human body. The heartbeat 

values continuously change for 30 seconds. This figure shows 

that the minimum value of the heartbeat is 64 bpm. This value 

means that the human in a relaxation status. Also, the maximum 

value of the heartbeat is 84 bpm. This value means a great effort 

of a human activity. For an adult human, the normal rate of 

heartbeats is 72 bpm [20]. The heartbeats monitoring operation 

is executed through the HMBLE Terminal android mobile 

application. The heartbeat readings are stored in an Excel file. 

Fig. 9 illustrates the healthcare data screenshot of the mobile 

application. This application is downloaded from the Play Store 

website. This application displays the body temperature and 

heartbeat values that inform doctors about the healthcare status 

of a human. The healthcare vital data of a human is continuously 

updated. It is clear that the monitored values within the normal 

range of the body temperature and heartbeats of a human.  
 

 
Fig. 8.  Heartbeats monitoring from the node over time 

 

 
 

Fig. 9.  Healthcare data screenshot of the mobile application 

VI. DISCUSSION 

Table III shows comparisons between different wearable 

sensor nodes with photovoltaic energy harvesting systems. In 

this work, the sensor node consumes 4.97 mW, which is lower 

than that in the literature [16-19]. Further, without photovoltaic 

energy harvesting, the lifetime of the sensor node is 246 hours, 

which is higher than the lifetimes in [16-19]. In addition, the 

node lifetime is sustainable with photovoltaic energy. The 

developed node has two sensors, but the nodes in [17,18] only 

contain one sensor. The used energy source area of (7.2 cm× 6.0 

cm) is smaller than in [16,18]. The used BLE wireless 

technology is higher range than the ranges in [16,17]. 
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VII. CONCLUSION 

This paper presents a wearable sensor node successfully 

implemented in medical applications. This node is powered by 

a sustainable photovoltaic (PV) energy harvesting system. In 

addition, a software algorithm is developed to save the power 

consumption of the node. This algorithm saves the power using 

sleep commands of the microcontroller, and BLE module. In 

addition, the algorithm has commands to switch off the sensors 

of the node during the sleep mode. Therefore, the total power 

consumption of the sensor node is reduced from 64.68 to 4.97 

mW. This reduction extends the working duration of the node 

from 26.5 to 246 hours without photovoltaic energy. The 

healthcare data is also continuously visualized on the HMBLE 

Terminal android application, and the sensor node is attached to 

a human body. In the future, multiple sensors can be connected 

with a wearable sensor node. One could also focus on a hybrid 

energy harvesting system to increase the battery lifetime of the 

developed wearable sensor node.  
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