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Abstract: Telemedicine is a word that the world has been hearing about since the early days of the telephonic technology

used to exchange information for delivering medical care. Medical practitioners need the holistic information of the

patients to treat them effectively. Telemedicine is relatively limited compared to direct appointments; hence a prototype is

needed to create an environment that is identical to the direct appointments where the practitioners can see the patient and

their physiological data. A novel prototype with state-of-the-art software and hardware is developed for establishing a

holistic telemedicine environment in this work. The designed system measures the skin temperature, SpO2, pulse rate, heart

rate, breath rate, and Non-invasive Blood Pressure (NIBP). The SpO2 of the system is measured with Beer-Lambert’s law,

and the NIBP is measured using a single synchronous ECG and PPG sensor. Quality video conferencing is provided

between the patient and the practitioners.
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1. Introduction

Healthcare is the primary concern of human life as people

frequently get ill. With the shortage of medical practi-

tioners, inadequate distribution of medical facilities, and

exploration of pandemics, telemedicine has great impor-

tance in healthcare [1]. Telemedicine enables medical

practitioners to reach out to large populations quickly and

avoid unnecessary traveling [2]. Measurement of physio-

logical measurements is shifted from mercury-based

instruments to electronic instruments with the advent of

technology. Telemedicine encompasses the measurement

of physiological parameters, sharing the measured param-

eters, and getting the doctor’s advice from a remote loca-

tion. The measurement of crucial health parameters such as

temperature, heart rate, pulse rate, oxygen saturation, and

blood pressure is performed by the practitioners to assess

the condition of patients with different devices. With

homoeothermic nature, humans maintain a specific tem-

perature defined by the hypothalamus for proper body

metabolism [3]. The temperature of the human body is

affected in most illnesses, and hence practitioners primarily

check the body temperature to detect hyperthermia and

hypothermia in patients. Mercury-based temperature mea-

surement is considered the gold standard in measuring core

body temperature. The skin temperature can be measured

with contact-based semiconductor ICs or contact-less IR-

based thermometers. To avoid the risks in mercury ther-

mometers and the inaccuracies in IR-based thermometers,

the present work used an intelligent contact-based semi-

conductor sensor [4, 5].

The heart rate, pulse rate, and interbeat interval (IBI)

give information about the heart and the rest of the car-

diovascular system. Tachycardia, bradycardia, and heart

rate variability can be diagnosed by regularly measuring

the heart and pulse rates and IBI [6]. The electrocardiog-

raphy (ECG) and photoplethysmography (PPG) signals

obtained from the patients are processed to track the heart

and pulse signals. The ECG signals are obtained by using

three electrodes connected to the patients in the form of an

Einthoven’s triangle, and the PPG signals are collected by

using a reflective type pulse oximetry sensor to the fin-

gertip of the patients [7, 8]. Amidst SARS-COV-2, silent

hypoxia became one of the most threatening diseases for

the virus-affected patients; hence, the regular measurement

of oxygen saturation becomes essential [9, 10]. To measure

the SpO2 for remote telemedicine applications, the PPG

signal from a non-invasive reflective type sensor is pro-

cessed. The Beer-Lambert law, employed in calculating

SpO2, determines the properties of the liquids by calcu-

lating the amount of light observed by the substance at

different frequencies. The reflection type oximetry has

some distinct advantages over the conventional transmit-

tance type as they can be mounted in a single chip with

source and detectors of the light signals [11]. With both

sections mounted on a single side and separated by a

minimal distance, the device needs less power, and it can

be connected to more body sites. In contrast, the

Fig. 1 Block diagram of the

designed system
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conventional devices have the source, and detector circuits

are mounted on different integrated circuits, and they can

be connected to only certain body parts such as the earlobe,

toe, and finger.

The blood pressure (BP) measurement is pivotal in

assessing the condition of the cardiovascular system as the

abnormality in the BP is one of the primary causes of

mortality in the past few decades. The intra-arterial blood

pressure monitoring is performed using an invasive cannula

needle inserted into an artery, but the usage of this tech-

nique is too invasive [12]. The other technique for BP

measurement is the cuff-based technique, where the

patient’s arm is wrapped with a cuff. The cuff, wrapping

around the arm, is filled with the air using a bulb or elec-

trical motor; the observer uses a stethoscope to listen to the

Korotkoff’s sounds by using a stethoscope at different

pressure points in the air. The highest and lowest pressure

points that generate Korotkoff’s sounds are the systolic and

diastolic values of the blood pressure [13]. Electronic cuff-

based measurements have the mechanism to fill and release

the air automatically. They are programmed to record the

systolic and diastolic pressure values without needing a

stethoscope. The limitation of these cuff-based systems is

that they are not suitable for constant monitoring as the

vibrations from the cuff causes discomfort to the patients,

and the cuff-based electronic sphygmomanometers need

few minutes between the readings. Hence, pulse transit

time-based blood pressure monitoring is performed in the

present work by employing asynchronous single-chip ECG

and PPG sensors.

For effective implementation of telemedicine, the

complete information of the patients is needed to be

transmitted to the medical practitioners in a remote loca-

tion. Along with the physiological parameters, the virtual

presence of the patients at the practitioners gives a holistic

environment for the treatment. Therefore, the data visual-

ization of the measured parameters in remote locations and

quality video conferencing is critical for envisaged tele-

medicine applications. Advanced hardware and software

tools are utilized to develop a system for holistic tele-

medicine applications.

2. Hardware Implementation

The hardware implementation of the system is performed

around the processing unit with the blocks shown in Fig. 1.

The processing unit consists of an Advanced Micro Devi-

ces processor Ryzen Embedded V1202B, and an Advanced

Virtual Reduced instruction set computer microcontroller,

ATmega32u4 [14, 15]. The embedded microprocessor is a

64-bit system-on-chip (SoC) with a 3.2 GHz quad-thread

dual-core processor and a 1000 MHz graphical processing

unit with three graphical computing units. The processor

supports many communication protocols; hence it can

handle a bountiful of peripherals. The graphical processing

unit in the SoC decodes/encodes the HD video signals at a

rate of 60 frames per second with a maximum resolution of

4096 9 2160. The processor consists of an on-chip real-

time circuitry connected to an external button cell for

keeping the time even when the system is powered off. The

Fig. 2 Blocks of SpO2 sensor MAX30102
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microcontroller in the processing unit assists the micro-

processor by collecting the samples from the sensors.

The sensing unit consists of three sensors for measuring

the physiological parameters; the sensor MAX30205 is

employed for human body temperature measurement, the

MAX30102 is utilized for SpO2 measurement, and the

sensor MAX86150 for collecting the synchronous ECG

and PPG signals. The temperature sensor MAX30205 is

factory calibrated to measure the human body temperature

in degree centigrade with maximum accuracy of ± 0.1 �C
[16]. The temperature sensor has a 16-bit sigma-delta ADC

that converts the analog temperature values into digital

with a resolution of 0.00390625 �C [17]. The 8-pin sensor

has a repeatability of 0.009 �C and measures the body

temperature samples with an interval of 50 ms. The sensor

is communicated with the microcontroller using the I2C

protocol with a signal conditioning circuitry consisting of a

CMOS voltage regulator of 3.3 V, pull-up resistors, and an

N-channel MOSFET-based level shifting circuit. The

address lines A0, A1, and A2 are connected to the ground

for selecting the I2C address of the temperature sensor.

Apart from the clock and data pins, the sensor also

Fig. 3 Blocks of NIBP sensor

MAX86150

Fig. 4 ECG section of MAX86150 sensor
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possesses an over-temperature shutdown pin that can be

used for generating an interrupt or an alarm in case of

abnormally lower or higher temperature values.

The SpO2 measurement is performed using a robust

reflective type sensor MAX30102 with the blocks shown in

Fig. 2 [18]. The optical section of the sensor consists of a

pair of LEDs where the red LED generates the light with a

length between 650 and 670 nm and the IR LED emits the

light with a frequency between 870 and 900 nm; the

reflected light is collected by the photodetector. The analog

signal generated by the photodetector is subjected to an

ambient noise cancellation circuit and fed to the 18-bit

current ADC in the analog section. The analog section also

possesses another ADC connected to a die temperature

sensor to measure the LED temperature. The LED tem-

perature value is stored by the data registers in the digital

section. The data section also stores the signal collected

from 18-bit current ADC in 32-deep FIFO. The oscillatory

circuitry in the control section provides the required clock

signals for the analog to digital converters. The driver

circuitry provides the current to operate the LEDs that can

be programmable using a microcontroller by accessing the

registers. The communication section provides an interface

between the microcontroller and digital section using the

I2C protocol [19]. The sensor requires two different volt-

age levels; one is the supply voltage of 1.8 V to run the

integrated circuit and a voltage of 3.3 V to power the

LEDs. The CMOS voltage regulator IC 662 K is employed

to supply 3.3 V and is followed by IC 65K5 for supplying

1.8 V. The NMOSFETs are utilized for level shifting the

I2C signals between the controller and the MAX30102, and

the pull-up resistors are used for eliminating the effects of

bus capacitance.

The sensor MAX86150, with the sections depicted in

Fig. 3, is used for collecting synchronous and simultaneous

electrocardiogram and photoplethysmogram [20]. The PPG

section is identical to the sensor MAX30102, except that it

does not possess an accessible on-chip temperature sensor.

The ECG section of the MAX86150 shown in Fig. 4

consists of an 18-bit ADC and an analog front end (AFE).

The analog front end is connected to the three electrodes

through an audio jack that picks the ECG signal from the

human body. The ECG signal collected by the terminals is

passed through different signal conditioning sections of

AFE before it gets digitized. The AFE is designed in such a

way that it eliminates the noise from the RF interface,

common-mode signals, and other muscular and electrical

signals with internal reference circuitry. The first part of

the AFE consists of a couple of high pass filters to elimi-

nate the high-frequency noise from electrodes to get a high

SNR ratio.

Further, the signal is fed to the ac coupled instrumental

amplification circuit [21] with an excellent common-mode

rejection ratio [22]. The instrumental amplifier’s gain is

programmable from 5 to 50. Later, the signal goes through

a programmable gain amplifier [23] for further amplifica-

tion that can be programmed to gain from 1 to 8 times. The

filtered signals are fed to the 18-bit sigma-delta ADC,

whose sampling rate and oversampling ratio can be pro-

grammed for improved signal-to-noise ratio and effective

resolution. The samples of the ECG and PPG are stored in

the FIFO, which is accessed through the I2C protocol. The

MAX86150 also requires two different voltage levels

hence a couple of CMOS voltage regulators are used, and

high-speed switching NMOSFETs perform the level

shifting. The data acquisition from the sensors is made

using Inter-Integrated Circuit protocol. The data are col-

lected at a maximum clock rate of 400 kHz. The I2C

protocol may suffer from clock-stretching, which may

slowdowns the data acquisition’s speed. The bus capaci-

tance causes the clock-stretching. The effect of bus

capacitance and thence the clock-stretching is compensated

by using suitable pull-up resistors along with the signal

conditioning circuitry. The data acquisitions from the

Fig. 5 continued
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multiple sensors are performed with time-division multi-

plexing. The signals captured by these sensors are captured

in the allotted time slots and are stored in different buffers

for further process. Some measures were followed during

the data acquisition and signal conditioning stage to

improve the system’s performance. The transmission error

and packet losses may occur due to bus arbitration in the

serial protocol when multiple masters try to transmit data

simultaneously. The effects of bus arbitration are elimi-

nated by using the serial bus in the single-master multi-

slave mode. The serial protocol is established with a clock

speed of 400kbps, and the clock stretching due to bus

capacitance is eliminated by using suitable signal condi-

tioning circuitry. The signal conditioning circuitry includes

Fig. 6 a Flowchart of the software implementation. b Temperature. c SpO2 algorithm. d NIBP algorithm
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pull-up resistors that compensate for the effects of bus

capacitance and consist of fast switching level shifters.

Hence, the device works with low latency and high

efficiency. The utilization of the acknowledgment bit for

each byte of transactions makes the data transfer more

reliable.

The processing unit is connected to the memory unit

with 32 GB flash eMMC and an 8 GB of DDR4 SDRAM.

The memory capacity can be further extended if required

using the SATA and DDR4 memory module sockets. A

quality camera module is interfaced to the processing unit

using USB protocol to provide video conferencing between

the patient and practitioner. A 7-inch HDMI display unit is

interfaced to the processing unit to display the patients’

information locally and interact with the medical practi-

tioner. A Wi-Fi module is interfaced through a USB pro-

tocol for connecting the designed system to the internet of

things. The circuit diagram and the pictorial view of the

designed hardware are shown in Fig. 5.

3. Software Implementation

The software implementation is commenced with installing

an open-source operation system Disco Dingo (Ubuntu

19.04), with Linux Kernel 5.0, which is perfectly suit-

able for the ARM processor used in the designed system.

The operating system has a state-of-the-art toolchain for

the programmers to script the code for the system. The

software algorithm for the designed hardware is imple-

mented with the steps depicted in Fig. 6. The controller is

coded with the interfacing programs to collect the samples

using the I2C protocol and perform initial processing on

the samples from the sensors. The processor is pro-

grammed for further processing the data and to display the

information. The temperature sensor is configured with the

help of the CONFIG register in one-shot shutdown mode.

The over-temperature and lower threshold temperature

registers are written with the highest and lowest limits of

the temperature that can be used to trigger an alarm in case

of hypothermia and hyperthermia. After writing these

registers, the processing unit collects the temperature data

Fig. 7 a Electro-thermal properties of IR LED. b Electro-thermal

properties of Red LED

Fig. 8 Molar Extinction coefficients of Hemoglobin

Fig. 9 Pulse transit time between the ECG and PPG waves
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in the 16-bit (D0-D15) TEMP register of the MAX30205.

The factory-calibrated sensor gives 16-bit temperature data

with the resolution of 28 degrees centigrade. The value of

temperature can be computed by multiplying the decimal

equivalents of the 2’s complement two-byte data [24] and

with resolution (28 �C) by using Eq. (1).

Temperatue in�Cð Þ ¼¼ �215 � D15 þ
X14

i¼0

2iDi

" #
� 2�8

ð1Þ
The oxygen saturation percentage of the patients is

computed by programming the reflection type sensor

MAX30102. The sensor is configured to work in SpO2

mode, and then the sampling rate is set to 100 samples per

second. The sensor is programmed to convert the samples

with 15-bit resolution by setting the pulse width of the

LEDs to 69 ls. The resolution can be increased up to

18-bits by increasing the pulse width, but the power con-

sumption of the sensor increases with the increase in the

pulse width. The values of the resolution, pulse width, and

sampling rate are optimized for a better tradeoff between

the power consumption and the accuracy of the measure-

ments [25]. The sensor also possesses an inbuilt die tem-

perature sensing circuitry that measures the sensor’s

temperature with an accuracy of ± 1 �C and a resolution

of 0.0625 degrees centigrade. The die temperature is

measured once the ADC measures a buffer of reflected

light samples. The sensor stores data in 32-deep FIFO. To

read the data from FIFO, the controller sends a read request

to the MAX30102 sensor and waits for a response. The

samples of both the two Light-emitting diodes are captured

in two different buffers. The temperature of the sensor is

measured in regular intervals and used for the thermal

compensation of the samples. As depicted in Fig. 7, the

peak wavelengths (k) of the LEDs are affected by the

temperature and driving currents.

The computed values of wavelength are employed in the

SpO2 algorithm to compensate the electro-thermal effects.

The RMS and average values of the red and IR LED

buffers are computed with Eqs. (2) and (3).

Average AVGð Þ ¼ sum of samples

buffer size
ð2Þ

Root Mean Square RMSð Þ ¼ 1

buffer size

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xbuffer size

i¼1

x2
i

vuut

ð3Þ

The computed average and root mean square values of

the buffers are substituted in Eq. (4) for calculating the

SpO2 ratio.

SpO2 ratio ¼ RMS of red bufferð Þ= AVG of red bufferð Þ
RMS of IR bufferð Þ= AVG of IR bufferð Þ

ð4Þ

The extinction coefficients (e) of oxygenated

hemoglobin (HbO2) and non-oxygenated (Hb)

hemoglobin are calculated as shown Fig. 8. The values of

Fig. 10 Screen shot visualizing the physiological parameters with multimedia conference
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the e and SpO2 ratio are substituted in Eq. (5) to calculate

SpO2 value.

SpO2value ¼
eHb REDð Þ � eHb IRð ÞxSpO2ratio

eHb REDð Þ � eHbO2 REDð Þ þ eHbO2 IRð Þ � eHb IRð Þ½ �xSpO2ratio

ð5Þ
The microcontroller in the processing unit assists the

microprocessor by collecting the samples from the sensors.

The low-cost 16 MHz microcontroller gives a maximum

throughput of 16 Million Instructions per Second. The

microcontroller and microprocessor exchange the infor-

mation with the USB 2.0 serial communication.

The samples of ECG and PPG are collected in separate

buffers before they get processed by the processing unit.

The computation of the parameters with signals com-

mences with filtering the signals to make them noise-free.

The foremost filter used in processing the two signals is the

moving average filter to eliminate the baseline wandering

as there is a high possibility of baseline wandering noise

because of the movement, respiration of the subjects, and

impedance of the electrodes [26]. The signals after baseline

wandering removal are subjected to notch filtering for

clearly identifying the peaks and valley points. Later, the

signals are put through the peak detection algorithms to

find the R peaks in ECG and peak points of PPG signals.

The PPG signals are passed through the inverse peak

detection algorithms to identify the valley points in the

signal. Now the interval between the R peaks is calculated

for measuring the interbeat interval of heart rate. The inter-

beat interval (in milliseconds) is substituted in Eq. (6) to

compute the heart rate in beats per minute. The measured

R–R interval is also employed to measure breath rate in

breaths per minute [27].

Heart rate ¼ 160000

inter beat interval
ð6Þ

Similarly, the pulse rate is computed by using the

interval between the two consecutive pulses of PPG. The

inverse of the interval (in milliseconds) is multiplied by the

number of milliseconds in a minute to compute the pulse

per minute. The NIBP algorithm measures the pulse transit

time (PTT) between the ECG and PPG waves. The system

calculates the PTT from the R-peak of ECG to the

immediate PPG valley point and is saved as the PTT-

Valley, as shown in Fig. 9. It also computes the PTT from

ECG R-peak to the PPG peak point and stores it as PTT-

Peak. The PTT-valley and PTT-peak are calibrated to

obtain the blood pressure. The values are substituted in

Eqs. (7) and (8) for systolic and diastolic BP computation.

Systolic BP ¼ aþ b ln PTT � peakð Þð Þ þ c heart rateð Þ
ð7Þ

DiastolicBP ¼ xþ y ln PTT � valleyð Þð Þ þ z heart rateð Þ
ð8Þ

The calibration constants are a, b, c, x, y, and z are

computed by comparing the obtained PTT and heart rate

versus the readings of a cuff-based mercury sphygmo-

manometer. The computed constant values for a, b, c, x, y,

and z are 119, - 10, 0.6, 82, - 15 and 1.6, respectively.

Fig. 11 Experimental setup in

hospital environment
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The MySQL commands are embedded in Python pro-

gramming to store and retrieve the information. The

MySQL is installed in the local system; the database is also

maintained online using the MySQL Cloud. The data are

organized as databases consisting of tables that have

information about different details such as the subject’s

name, physiological parameters of the subject, and the

timestamp of the data collection. The device is connected

to the internet of things through a Wi-Fi module. The local

gateway provides access to connect to the internet, and the

local data is shared to the MySQL cloud. The remote

devices can access the data in the cloud by connecting to

Fig. 12 Error bars of the

physiological parameters at

different wards of hospital
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the remote gateway with the help of login credentials such

as user name and password. The MySQL database in the

system can also be accessed by using an administration

tool, phpMyAdmin. The phpMyAdmin offers a wide

variety of database management features. The database of a

subject can be visualized as a graph using this adminis-

tration tool [28]. It also gives users access to the database

with the help of query-by-example, by which the user can

easily create complex queries. The observers need to

quickly assess the subject’s condition; the signals need to

be clear, and the information must be easily understand-

able. The system is programmed with PHP embedded with

d3.js to design a web page visualizing the ECG and PPG

signals. The webpage displays the values of temperature,

NIBP, breath rate, heart rate, interbeat interval, and SpO2,

along with ECG and PPG signals fetched from the database

through the Apache webserver. The signals and the

numerical values update dynamically as soon as the new

samples arrived. The webpage can be accessed through a

web browser such as Firefox, Internet Explorer, Edge

Chromium, and Google Chrome. The IoT-enabled devices,

with different operating systems such as Linux, Android,

and macOS, with a web browser, can access the informa-

tion without needing to install any extra software. The

system also has a digital camera to provide access to virtual

interfacing of the subject and the practitioners. For this,

different video calling platforms such as Zoom, Meet, and

Skype can be accessed in a split-screen mode that enables

video conferencing and physiological parameters display-

ing a web page, as shown in Fig. 10.

4. Results and Discussion

The designed system monitors the parameters temperature,

pulse rate, SpO2, heart rate, systolic and diastolic blood

pressures. The system also visualizes the ECG and PPG

signals. The system provides access to the video graphics

information of the patients from a remote location for

teleconferencing. The developed system is carried to

GITAM Institute of Medical Science and Research hospi-

tal, Visakhapatnam, for comparing the records with the

records of the standard systems as shown in Fig. 11. The

records are captured in four different wards of the hospital,

namely, outpatient ward, general ward, Intensive Care

Unit, and Operation Theatre. The outpatient and general

wards are well ventilated, and the ICU and OT are air-

conditioned. The parameters of a population of 80 adult

patients with an average age of 37 ± 12 (standard devia-

tion (SD)) years are measured using the designed and

standard systems in the hospital. The designed system is

used to measure the data of the outpatient ward patients for

collecting one sample set of data from each person shownT
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in Table 1. In other wards of the hospital, the system col-

lects the parameters for half an hour from each patient. The

average values of the parameters recorded for each patient

are plotted in Fig. 12.

The portable system is taken to the outpatient ward of

the GIMSR to measure the patients’ parameters. In the

outpatient ward, the records of 24 people are collected with

the designed system and the systems in the hospital. A

mercury thermometer and IR thermometers for temperature

measurement, a commercial pulse oximeter for SpO2

measurement, a stethoscope for heartbeat measurement,

and a mercury sphygmomanometer for blood pressure

measurement are employed as the standard instruments in

the outpatient ward. The pulse rate is measured by gently

placing the fingers on the wrist and the breath rate by

counting the breaths in 60 s with the help of the hospital

staff. The temperature of the patients in the outpatient ward

is recorded at an average of 35.45 �C (SD of 0.8 �C). The

patient’s pulse rate is recorded at an average of 79 PPM

(pulse per minute) with a standard deviation of 10.21 PPM.

Pulse oximetry of the patients is recorded at an average

SpO2 of 97.57% with an SD of 2%. The heart rate is

identical to the pulse rate and is recorded at an average of

78.58 BPM (Beats per minute) with an SD of 10.76 BPM.

The breath rate of the patients is measured at around

15.4 RPM (respirations per minute) with an SD of

2.7 RPM. The system recorded the patients’ systolic blood

pressure at an average of 120.5 mmHg with an SD of

2.5 mmHg. The diastolic blood pressure measured in the

outpatient averages 78.41 mmHg with a standard deviation

of 2.5 mmHg.

The system is carried to the general ward, where the

patients are admitted for treatment. In the general ward, the

designed system’s values are compared against the stan-

dard system uMEC10 from Mindray Medical International

Limited [29]. The standard and designed systems are

simultaneously connected to the patients for monitoring the

physiological parameters. The values are obtained from 24

different patients in the general ward and the average of the

parameters over the 30 min is tabulated in Table 2. The

temperature values of the patients in the general ward are

measured at an average of 34.43 �C with an accuracy

of ± 0.1 �C. The pulse rate and the patient’s heart rate are

recorded at an average of 77.5PPM and 77.5BPM,

respectively, with an accuracy of ± 2 beats/pulses per

minute. The system measured the respiration rate of the

patients with an average of 15.4RPM with an average error

of ± 3 RPM. The saturation percentage of oxygen is

measured at an average of 98.87. The blood pressure is

measured at an average of 121.5 mmHg SBP and

79.8 mmHg DBP with average errors of ± 3 mmHg

and ± 3 mmHg. The room temperature of the general

ward is around 30 �C when the parameters are collected.

The system is ported to the intensive care unit to mea-

sure the parameters of the patients against a standard

instrument from the Mindray patient monitoring system

uMEC12. The measurements are taken from 20 patients in

the ICU. The measurement of the physiological parameters

is performed with the systems simultaneously, and the

records are captured for 30 min for each patient and the

average values over the period are tabulated in Table 3.

The temperature measurement values are recorded at an

Fig. 13 Error bars of the physiological parameters at different wards of hospital
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average of 32.16 (± 0.1 �C accuracy). The pulse rate is

measured at an average of 81(± 3 accuracy) pulses per

minute. The saturation of the percentage of oxygen in the

patients’ blood is measured at an average of 98.9(± 3

accuracy) %. The system recorded the heart rate of the

patients at an average of 78BPM. The respiration rate is

measured at an average of 16(± 3 accuracy) breaths per

minute. The blood pressure is measured with an average of

124(± 5 accuracy) mmHg of SBP and 82(± 5 accuracy)

mmHg of DBP.

The system is further utilized for the measurement of

parameters in the operation theater. The values of the

system are compared against the standard instrument of

patient monitoring system Goldway-G40 of Philips [30] in

the operation theatre. The measurement procedure is

commenced immediately after the anesthesia is given to the

patients. The readings are obtained from twelve patients in

the operation theater. The system is connected to each

patient for thirty minutes and average the values are tab-

ulated in Table 4. The temperature recorded from the

patients in OT has averaged 31.28(± 0.1 accuracy) �C, and

the patients’ pulse rate is measured at an average of 88(± 3

accuracy) PPM. The recoded values of SpO2 are computed

at an average of 97.8(± 3 accuracy) %. The average heart

rate is measured as 88(± 3 accuracy) BPM. The breath rate

of the patients has averaged 16(± 3 accuracy) respirations

per minute. The average BP measurements of the patients

are measured at an average of 118(± 5 accuracy) mmHg of

SBP and 82.7(± 5 accuracy) mmHg of DBP. The need for

telemedicine is inevitable with the inadequate facilities in

medicine and during the pandemics like COVID-19. The

developed system is aimed at providing a holistic envi-

ronment for telemedicine applications with multiple

peripherals. The measurements are taken at different

environments of a hospital having different ambient tem-

peratures. The obtained results agree with the standard

systems utilized in the hospital for measuring different

physiological parameters. The averages of the parameters

with error bars at four wards are plotted in Fig. 13.

The temperature is measured at the arm as the patient

feels comfortable measuring for long periods. Hence the

temperature readings are recorded in the low-thirties [31].

The temperature in the outpatient ward is higher as the

ward tends to have more people. It is a bit warmer even

though it is well ventilated. The room temperature slightly

impacts the human body temperature readings, and there-

fore the average temperature of the patients in the outpa-

tients’ ward is high. The general ward is also relatively

warmer, and hence the average temperature of the patients

is on the higher side. The higher temperatures of the human

body might have been caused by hyperthermia due to ill-

ness. The ICU and OT are air-conditioned for having

temperatures around 20 �C that may account for lower

body temperatures [32]. Hence the average temperature

values of these patients in these two wards are lower than

the other two wards.

The saturation percentage of oxygen is computed with

the designed system at various locations. The typical values

of this parameter are close to 100% and the values lower

than 90 percent are considered mild hypoxia [33]. The

COVID-19 pandemic causes silent hypoxia, affecting

without any symptoms; hence, it is advised for people to

constantly monitor oxygen saturation. The system mea-

sures the SpO2 in outpatient, general wards, and intensive

care units relatively stable. However, the values at opera-

tion theatre are reduced concerning time. The saturation

percentage of oxygen in the patients after anesthesia is

recorded generally in the first 10 min, and later the values

started decreasing [34]. Hence, it is essential to measure

oxygen saturation in humans after anesthesia to take nec-

essary actions before the patient gets affected by hypoxia.

The practitioners take necessary actions when the oxygen

saturation levels are decreased to regularize in the patient’s

SpO2 values.

Heart rate is the sign of the cardiovascular system that

indicates the number of times the heart beats per one

minute. The heart rate in the designed system is measured

by counting the number of R-peaks in the electrocardio-

gram. The heart rate is measured for tracking the possible

tachycardia and bradycardia. The heart rate in adults usu-

ally is about 60–100 beats per minute [35], and the records

in the system under normal circumstances in the hospital

except the operation theater. The heart rate in the Operation

Theater patients has changed somewhat abnormally due to

some of the patients get excited with the Operation Theater

environment and anesthesia [36]. The pulse rate is almost

identical to the heart rate, as the heartbeats are the cause for

generating a pulse. The pulse rate in the designed system is

measured by computing the number of peaks in a minute in

a photoplethysmograph. The inter-beat interval is also

measured and displayed in the system that can be utilized

for computing and analyzing the heart rate variability.

The respiration rate in adults (people older than twelve

years) is generally between 12 and 20. The respiration rate

is vital in the cardiovascular system to supply oxygen to the

body. A breath rate of more than 20 is an indication of an

abnormality in the cardiovascular system. In the designed

system, the breath rate of the system is computed from the

ECG signal. The values measured by the system in the

hospital are mostly in the typical range of 12–20 [37]. In

the operation theater, a few patients who had a high breath

rate for a brief amount of time may be due to anxiety.

The BP measurement is vital in analyzing the cardio-

vascular system. The blood pressure is measured from

photoplethysmography and electrocardiography. The typi-

cal values of the blood pressure are 120 mmHg of systolic

Design of a Physiological Monitoring Device for Holistic Telemedicine Applications

123



pressure and 80 mmHg of diastolic pressure [38]. The

blood pressure of the patients is dependent on the ambient

temperature. The ambient temperatures of the general and

outpatient wards are relatively high; hence the blood

pressure values are recorded at lower levels. The higher

systolic blood pressure levels are observed in the intensive

care unit and Operation Theater as they are air-conditioned

[39]. The values in the operation theatre recorded values of

the blood pressure may also get affected by anesthesia

given to the patient. The medical experts take necessary

action if the blood pressure changes abnormally during the

anesthesia; hence the BP monitoring system is mandatory

in the Operation Theater. The average values of the

designed system in the four wards of the hospital are

plotted with the error bars compared to the standard sys-

tems in Fig. 10. The error in temperature sensor readings

is ± 0.1 �C. The average values of the human body tem-

perature are averaged at all the wards is 33.35 �C. The

pulse and heart rate errors concerning the standard system

are about ± 3BPM/PPM, and the average heart rate

recorded at all wards is 81BPM. The SpO2 values are

recorded at around 98%, an error of about ± 3%. The

Blood pressure is recorded around 123 mmHg SBP and

81 mmHg DBP with an accuracy of ± 5 mmHg.

5. Conclusions

An integrated system is developed with the advanced

processing unit in this study, having a processor and a

controller, handling multiple smart sensors. The high

accurate sensors integrated with the system can be very

easily plugged into the system. The electrocardiogram and

photoplethysmograph signals are dynamically updated in

the system. These signals are processed every few seconds

to compute the data of the cardiovascular system, such as

temperature, breathing rate, heart rate, pulse rate, saturation

percentage of oxygen, and cuff-less blood pressure. The

computed data is dynamically updated on the webpage that

can be accessed from a remote location. The information

can be visualized from various locations, such as the sys-

tems at the patient end, the mobile of a practitioner, and in

a computer connected to IoT for telemedicine applications.

The performance of the portable system is validated

against the standard instruments in GIMSR hospital under

the supervision of medical experts. The accuracy of the

system is good when compared with the ISO standard

systems for the measurement of multiple physiological

parameters. The standard uncertainty of the reference

instruments is ± 0.1 �C for temperature, ± 3 mmHg for

blood pressure, ± 1 BPM/PPM for heart rate/ pulse rate,

and ± 2% for the SpO2. The proposed system has the

uncertainty values of ± 0.1 �C, ± 5 mmHg, ± 3 BPM/

PPM, and ± 3% for temperature, blood pressure, heart

rate/pulse rate, and SpO2 values, respectively. The

designed system works with a power consumption of

60 watts, about 50% of the standard system’s power con-

sumption (120 watts).

As an extension of the work, the system can be equipped

with more sensors. The system can be designed as a holistic

medical kiosk by incorporating the mechanism for pay-

ments to the doctors and placed in every corner of the

world to access the medical facilities. The big data gen-

erated from more such systems placed in different areas

can be utilized for adequate medical care by implementing

machine learning algorithms. Artificial intelligence can be

added to the system for analyzing the parameters in a more

detailed manner to recognize the possible illness for quality

health care.
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