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Abstract: Pregnancy monitoring is a trending topic of research in the field of Internet of Medical Things. Life of today’s pregnant
women is quite stressful and good quality sleep can help reduce stress.Stress monitoring of pregnant women can help gynecologists assess
its negative impact and thus identify major risks to the health of the mother and her unborn child. A sensor based smart wearable device
can aid in monitoring stress.This paper proposes a simple design of a stress monitoring wearable for pregnant women.
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1. Introduction

Each pregnancy is unique and hence the method and
frequency of monitoring the pregnancy should be
different for every case. It is necessary for the health
provider to identify and mitigate the risks associated with
pregnancies. Continuous monitoring aid in making
necessary provisions for  prenatal care. Monitoring
pregnancy should include supervision of the medical
parameters of the mother and her fetus along with checks
to aid management of the lifestyle to be followed by the
carrying mother to ensure the optimal well-being of both.

One should not neglect Emotional Health Monitoring
during pregnancy as it has become the need of the hour.
Smart wearable devices can be used to do this. Monitoring
Emotional well-being can be done by analyzing speech
patterns, heart rate variability, or sleep quality™. ML
algorithms can be further used to do the analysis of data
collected by smart wearables?,  Stress, anxiety, or
depression can have adverse effects on the mother as well
as her unborn baby like, preterm birth, low birth weight,
and gestational hypertension.It can also affect the baby's
neurodevelopment. Research says that stress hormones of
the mother can travel through the placenta and affect the
baby's neurodevelopment too.This can result in cognitive
dysfunctionality and behavioral issues that can be seen in
the child much after the time of birthI4],

1Department of Computer Engineering, MKSSS’s Cummins College of

Engineering for Women Pune, Savitribai Phule Pune University, Pune

1Department of Computer Engineering, Smt. Kashibai Navale College of

Engg., Pune. Savitribai Phule Pune University, Pune

2Department of Information Technology, MKSSS’s Cummins College of

Engineering for Women Pune, Savitribai Phule Pune University, Pune

3Department of Information Technology, Smt. Kashibai Navale College of

Engg., Pune. Savitribai Phule Pune University, Pune

* Corresponding author: Meenal Amod Kamlakar,

meenal.kamlakar@cumminscollege.in

Sleep is one major player in affecting the emotional health
of any individual. Good quality sleep and proper duration
of sleep regulates mood, stress , cognitive functioning
and energy level in humans!®I6I7,

Hence it can be said that deprivation of good quality sleep
can play a negative role in pregnancy and can cause
complications.It is necessary to provide support and
guidance to promote healthy sleep during pregnancy so
as to minimize the adverse effects of insufficient quality
sleep. Use of smart wearable monitoring systems can
easily aid in doing this.

In this paper we will discuss the effectiveness of
measuring sleep quality using the most sufficient
parameters. A design of a compact ,efficient and cheaper
smart wearable system to monitor stress levels of pregnant
women through sleep monitoring using machine learning
algorithms is also presented.

2.Side Effects of Stress on Pregnancy

It has been observed that low quality sleep during
pregnancy has been linked with severe physiological
effects on both the mother and the developing baby.
BIIThere are multiple risks which occur due to hormone
imbalance.There is a risk of developing gestational
diabetes due to disturbed glucose metabolism and insulin
sensitivity which requires good quality sleep to be
normalized.['%Also there is the risk of having a preterm
birth due to the imbalance of hormones which sleep can
balance.'Risk of having high blood pressure [2 and
high probability of cesarean delivery have also been
noted in patients showing symptoms of stress as a result
of inadequate quality sleep[*3l. Low quality sleep can also
trigger Mental health issues like depression , anxiety
during pregnancy and cognitive issues*l. Moreover the
immune system also gets compromised due to the lack of
good quality sleep making the mother susceptible to
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diseases!®™. A good night’s sleep helps the body
rejuvenate and maintain the required energy levelsl,
Studies show that poor sleep quality of the mother
hampers the fetal growth and its development due to
insufficient oxygen which is adequately supplied during
sleep*”). The above discussion clearly proves that there is
a need to monitor sleep during pregnancy as there is a
strong bidirectional correlation between stress and
sleep.Stress disrupts sleep patterns.Cortisol ,the stress
hormone gets released when a person is
stressed®®¢ Inadequate and poor sleep  increases
stress.Sufficient and good quality sleep regulates stress
levelslt®l,  Stress also  affects the  baby's
neurodevelopment®47],

3.Methods to Monitor Sleep

Polysomnography is the clinical and standard method to
monitor sleep.The patient who needs sleep monitoring
needs to be admitted to clinic and monitored

overnight.Patients brain waves, eye movements,heart rate
Jrespiration and many other parameters are recorded and
analyzed by a professional to determine the stages and the
quality of sleep of the patient¥.Other methods can be
used to monitor sleep at home. Wearable devices are used
to record parameters which are used to analyze and
comprehend  sleep quality®.Parameters like light
exposure and sleep awake patterns are used in
actigraphy®. Actigraphy  is  less accurate  than
Polysomnography?.Other wearable devices like smart
watches use sensors like the accelerometer, heart rate
sensor, Blood oxygen sensor ,to record and determine
sleep quality®.Some specialized devices make use of
sensors to measure breathing, heart rate, and movement
without which can be placed in close proximity to the
person being monitored while sleeping?.Table 1 below
highlights the methods, suitability and dependability of
these methods.

Table 1. Analysis of various stress detection techniques

Referen | Method Suitability Technique used correctness usability

ces

[25] Polysomnograph | People who are | Electroencephalogra | Best and most | Conducted in a sleep

y:adiagnostic test | troubled with sleep | phy  (EEG) to | comprehensive laboratory or a
disorders like | monitor brain wave | test for | specialized clinic
insomnia,  restless | activity, diagnosing sleep | with monitoring
legs syndrome, sleep | Electromyography | disorders equipment.
apnea . etc usually | (EMG) to monitor | accurately. Home-based
take this test. muscle tone,

polysomnography
electrooculography
. affordable  systems
(EOG) to monitor .
are also available.
eye movements, and
additional sensors to
measure  breathing
rate, heart rate,
oxygen levels, and
other relevant
variables.

[26] Actigraphy Actigraphy is mostly | Wearable  devices | A practical and | lightweight, user
suitable for | having non-intrusive friendly device that
individuals having | accelerometers are | method used | can be worn
insomnia, circadian | used. Use of light | over an extended | continuously for
rhythm disorders, or | sensors for assessing | period. long-term
sleep disturbances | circadian  rhythm monitoring. It can be
associated with | disorders are used. used for home-based
certain medical monitoring and field
conditions. research.

[27] [28] | Smart watches It can be used for | Various sensors are | Advancements Smartwatches can be
people having small | used to collect data | in  technology | worn throughout the
concerns about | and algorithms are | have led to|day and night,
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sleep. As compared
to polysomnography
or actigraphy the
results of the sleep
analysis are less
accurate and less
comprehensive.

used to analyze it to
estimate sleep
parameters like
accelerometer and a
heart rate monitor to
track heart rate
variability.

Sensors, such as
Sp0O2 (blood oxygen
saturation) , Sensors
for ambient light ,
Sensors to gather
more data related to
sleep quality and
environmental

improved
accuracy in sleep
tracking
algorithms,
making
smartwatches
more reliable in
estimating sleep
duration and
providing basic
sleep insights.

allowing for
continuous tracking
of sleep patterns.
Sleep summaries
which interpret their
sleep metrics can be
displayed in a user-
friendly style and
also integration with
other health-tracking
features help in
analysis through
graphs.

factors.

[29] Smart beds Smart beds offer a [ Varioussensorsand [ It is not as| It is easy to use
more comprehensive | technologies such as | comprehensive | daily .Softwares
and integrated | pressure sensors are | as medical-grade | such as  mobile
approach to monitor | embedded  within | devices like | applications or
sleep. the  mattress.Data | polysomnograph | online platforms that
Focus here  is to from these sensprs y. display sleep dajta,
) are analyzed using trends, along with
improve the sleep . .

. algorithms.Moveme personalized
environment. .
. nt and body recommendations
Continuous e . . .
oo positioning  during for improving sleep
monitoring and .
. sleep can be need to be integrated
analysis of sleep . .
monitored.. Use of for viewing Sleep
parameters, help to . .
infer sleep quality cardiography (BCG) metrics, sleep reports
. ' | sensors that measure by the user to make
disturbances, and i
. the minute necessary
potential W . .
. vibrations caused by adjustments to their
improvements. .
the body's sleep environment or
mechanical activity, routines. Additional
such as heartbeat features such as
and respiration can adjustable firmness,
be done. Insights temperature control,
into Sleep stages, and smart lighting, to
sleep efficiency, and enhance overall
other sleep metrics sleep experience and
can be obtained. comfort are
provided.

[30] Wearables Wearables for | Wearables use | The reliability of | Wearables are
individuals who are | sensors, such as | the sensors and | portable, and user
interested in | accelerometers and | efficiency of the | friendly for sleep
tracking their overall | heart rate monitors, | algorithms monitoring.

health and wellness,
including sleep
habits are available.
They are suitable for
both general sleep

to collect data
during sleep. The
accelerometer and
the heart rate sensor
is used to monitor

determine  the
accuracy for
gaining the
insights into
sleep patterns.

Software is used for
visual
representations  of
sleep data, sleep
summaries.
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tracking and for
monitoring sleep for
specific sleep
concerns, such as
insomnia or sleep
apnea.

physiological Additional features
changes. Insights on such as step tracking,
sleep duration, sleep heart rate
stages, and sleep monitoring, and
quality can  be stress management,
obtained here. can be provided for
overall health
monitoring.

4. Method to Find Out Stress

Stress can be detected mostly either through reporting
done by the stressed or using behavioral indicators noted
by external entities, but what interests us is the detection

measurements.Physiological ~ parameters  like  the
Respiration flow, Blood oxygen levels, temperature,
Heart Rate Variability , Blood Pressure , Cortisol Levels,
Galvanic Skin Response and Electroencephalography can
be used to measure stress.*ITable 2 briefs about these

of stress through physiological parameters.
Table 2. Impact Analysis of various physiological parameters for Stress Detection

References Parameter Effectiveness in | Measurement Metric and values
measuring stress technique used

[32] Respiration flow Respiration  flow and | Sensors(measuring Respiration Rate is
breathing pattern changes | air flow) in Certain | used to count the
with stress and can be | wearable devices or | number of breaths per
measurable . Stress may | chest straps (which | minute.
nqt be the only reason for expand vyhen we Respiration  Patterns
this change and vice | breathe in )may|. .

i indicate the rhythm and
versa. Heart rate, skin | detect and measure .
regularity of breaths.

conductance, and self- | chest movements
reported measures also | during breathing and
need to be monitored for | can be used to predict
more accurate prediction | respiration flow.
of stress. airflow directly.

[33] Blood oxygen | Stress causes respiration, | Pulse oximetry can | SpO2 is the metric used

levels

Potential

heart rate, and blood flow | be used for | to represent the
to change to some extent | measuring blood | percentage of
, Which in turn can affect | oxygen levels. It | hemoglobin molecules
blood oxygen levels. | measures the oxygen | in arterial blood that are

changes can be indicated | blood. Pulse | Normal resting SpO2
by monitoring  blood | oximeters use light- | levels typically range
oxygen levels. emitting diodes | from 95% to 100%.

stress-related | saturation in arterial | saturated with oxygen.

(LEDs) to shine light | Stress causes SpO2
through the skin. A | levels to fluctuate.
photodetector
measures the amount
of light absorbed by
oxygenated and
deoxygenated blood
for the estimation of
blood oxygen levels.
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moderately effective in
assessing stress levels as it
can reflect the impact of

stress on the
cardiovascular ~ system.
During stressful

situations, the body's

assess blood pressure
typically involves the
use of a
sphygmomanometer,
which can be either
manual or automated.
Manual

[34][35] Temperature During stress the blood | Thermometers or | Temperature of the
flow, metabolism, and | temperature sensors | body  rises due
hormone levels in the | can be wused in increased metabolic
body changes due to | Wearable devices for | rate, increased blood
which body temperature | continuous flow, and the activation
also can change. Hence to | monitoring of | of the body's stress
identify potential stress- | temperature response.Hence
related changes, change in | variations throughout | dependency on
body temperature can be | the day. temperature alone for
monitored. measuring stress levels

is not sufficient.

[36] Heart Rate | Higher levels of stress | The

Variability typ!ca!ly .cause high electroca}rdlogram Time Domain
variability in heart rate | (ECG) signal is used
Measures  such  as
and lower stress levels | to capture the L
less variability of | electrical activity of | So0ard Deviation of
cause less variability of | electrical activity of | "\ o (SDNN)
heart rate.Thus by | the heart. We have
o . and Root Mean Square
monitoring HRV, it is | many wearable .
ossible to track changes | devices with built-in of Successive
P ! g vices wi _u' _' Differences (RMSSD)
in stress levels or | heart rate monitoring .
. are used to quantify
relaxation. capabilities. The .
i . . various aspects of the
ECG signal is studied -
. beat-to-beat variability.
to extract the time :
. Frequency Domain
intervals between
i Measures such as
consecutive
heartbeats, and HRV | High-Frequency Power
analysis is performed | (HF): Represents
on these intervals. parasympathetic
activity.
Low-Frequency Power
(LF): Reflects a
mixture of sympathetic
and  parasympathetic
activity.
LF/HF Ratio: Indicates
the balance between
sympathetic and
parasympathetic
activity.

[37] Blood Pressure Blood pressure | The  measurement [ The two  primary

monitoring can be | technique used to | metrics associated with

blood pressure are
systolic blood pressure
(the higher number)

and diastolic blood
pressure (the lower
number). These
measurements are
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stress response can cause | sphygmomanometers | typically reported in
an increase in heart rate, | involve using an | millimeters of mercury
vasoconstriction, and the | inflatable cuff around | (mmHg). Blood
release of stress | the upper arm and a | pressure values can
hormones, which can | stethoscope to listen | vary widely depending
result in elevated blood | for the sounds of | on factors such as age,
pressure. By monitoring | Korotkoff (the | sex, health conditions,
changes in blood pressure, | sounds heard when | and individual
it is possible to observe | blood flow starts and | variations.

deviations  from  the | stops during cuff
baseline and identify | deflation).

potential  stress-related | Automated devices
responses. However, it's | use oscillometric
important to note that | technology to
blood pressure alone may | measure blood
not provide a | pressure without the
comprehensive need for a
assessment of an | stethoscope. There
individual's stress levels. | are also wearable
Other factors, such as [ devices that can
heart rate variability, self- | continuously monitor
reported measures, and | blood pressure
additional physiological | throughout the day
parameters, are often | using non-invasive
considered in conjunction | methods, such as
with blood pressure for a | optical sensors.

During stress, blood
pressure may increase
temporarily. The extent
and duration of the
blood pressure response
can  vary  among
individuals and depend
on the intensity and
duration of the stressor.
Therefore, tracking
changes in  blood
pressure and comparing
them to an individual's
baseline values are
essential for
understanding  stress-
related responses.

more comprehensive
evaluation.

[38] Cortisol Levels Monitoring cortisol levels | Samples of saliva, | Unit of cortisol is
reflects the body's stress | blood, or urine are | micrograms per
levels. used for laboratory | deciliter (pg/dL) or

analysis to determine | nanomoles per liter
the cortisol levels.. (nmol/L).

[39] Galvanic Skin | GSR also indicates stress | Electrodes are placed | Skin conductance level

Response levels in the body.It can be | on the skin surface, | (SCL), which
recorded by noting the | usually on the fingers | represents the baseline
changes in skin | or palm, detecting | conductance, and skin
conductance. Person in | changes in the skin's | conductance response
stress has increased sweat | electrical (SCR), which captures
gland activity and higher | conductance caused | rapid  changes in
skin conductance. by sweat gland | conductance in

activity. The | response to stimuli or
recordings are noted | events are the two main
for GSR. measures for GSR.The
primary metric
associated with GSR is
skin conductance,
measured in

microsiemens (uS) or
millisiemens (mS).
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[40] Electroencephalogr | EEG  measures stress | Multiple electrodes | EEG analysis is done
aphy levels by capturing the | are placed on the | using the following
brain's electrical activity, | scalp to detect and | metrics and measures.
which reflects cognitive | record the electrical
and emotional processes, | signals generated by
including stress | the brain which are
responses. then amplified and
digitized for further
analysis to detect
stress levels.

Frequency Bands:
signals of different
frequency bands, such
as delta (0.5-4 Hz),
theta (4-8 Hz), alpha (8-
12 Hz), beta (12-30

The type of brainwave
patterns and frequencies

can suggest different Hz), and gamma (>30
mental states like stress Hz) are recorded.
and relaxation. Increased Changes in the power
beta activity, decreased or coherence of specific
alpha activity, or frequency bands
alterations in the power indicates stress-related
and coherence of specific brain activity.

frequency bands relate to

Spectral Power:
different types of stress. P

Spectral power is the
amount of  energy
within specific
frequency bands.
Increased power in
higher-frequency bands
(beta) or decreased
power in lower-
frequency bands
(alpha) can be
indicative of stress.

Event-Related
Potentials (ERPs):
ERPs are specific
components of the EEG
signal that are time-
locked to specific
events or  stimuli.
Certain ERP
components, such as
the P300 or N170, can
be regulated by stress
and can be used to
provide insights to
stress-related
processing.

5.10T and Sensors used to measure sleep quality

Different sensors are available in the market which can be used to measure physiological parameters whose readings then
can be analyzed to indicate sleep quality.Table 3 below lists these sensors.[*4]

Table 3. Study of the types of sensors

References Sensors Parameters Analysis to make Used in which type
of sleep monitoring
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measured

device

[41][42][43]

Accelerometers

measures
movement

Can be wused to
detect changes in
body position during
sleep.

They are commonly
found in wearable
devices like
smartwatches,
fitness trackers, and
sleep-tracking
bands.

[41][42][43]

Heart Rate Monitors

measures the heart
rate by detecting
changes in blood
volume.

Sensors track heart
rate variability
during sleep.

Heart rate monitors,
such as
photoplethysmograp
hy (PPG)

[42][43]

Respiratory Sensors

Detects
patterns.

breathing

provide information
about respiration
rate, depth, and
regularity.

piezoelectric
sensors, respiratory
belts, or gadgets for
flow sensors.

[41][42]

Electroencephalograp
hy (EEG) Sensors

Measures electrical
brain activity.

Different patterns of
brain activity can be
observed in an EEG,
including different
frequencies and
amplitudes of
electrical waves.

EEG is to diagnose
and analyze
neurological
conditions.

EEG can be used in
wearable devices .

[42]

Electromyography
(EMG) Sensors

Measure  muscle

activity

Identify sleep
disorders like
periodic limb
movement disorder
or sleep-related
movement
disorders.

Also Detects
different sleep
stages (e.g., REM,
NREM) and
identifies

abnormalities in
brain wave patterns.

polysomnography
(PSG) studies
conducted in sleep
laboratories. EEG
Sensors can

[41][43]

Oxygen and pulse
Sensors

Measure blood
oxygen saturation

They can be used to
monitor  breathing
quality and detect

Pulse Oximeters
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levels and heart | sleep-related
rate. breathing disorders
like sleep apnea.
Sound Can capture audio [ monitor ~ snoring, [ They are  often
Sensors/Microphones | during sleep. coughing, or other | integrated into sleep
sleep-related tracking apps or
sounds. smart home devices.
[41] Pressure Sensors: Detects body | They are used to | Can be embedded in
movements  and | estimate sleep | mattresses or sleep
pressure duration, sleep | surfaces
distribution. position, and assess
sleep quality.
[41][43] Temperature sensors | Measure changesin | They can provide | Smart gadgets
skin  temperature | insights into
during sleep. circadian  rhythm
variations and
temperature
regulation  during
different sleep
stages.
[45][46] Electrooculography Detect eye | They are used to | Gadgets to monitor
(EOG) Sensors: movements, such | identify REM sleep | sleep
as rapid eye | stages and provide
movements insights into sleep
(REM), during | architecture.
sleep.
[47][48] Galvanic Skin | Measure the | Can indicate | Gadgets to monitor
Response (GSR): electrical changes in sweat | sleep
conductance of the | production and
skin, stress levels. These
sensors may provide
additional data on
sleep quality and
physiological
arousal during sleep.
[49][50] Ambient Light | Can measure the | sleep/wake patterns | Smart watches and
Sensor level of light in the | and  assess  the | Gadgets to monitor
environment. impact of light | sleep
exposure on sleep
quality.
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movements
changes
orientation.

[41][51] Gyroscope A gyroscope can | identifying body | Smart watches and
detect  rotational | position changes | Gadgets to monitor

and | during sleep. sleep
in

6.Use of ML and DL Algorithms for Sleep
Monitoring

Machine Learning and Deep Learning are used by many
to study sleep related parameters and do analysis for
detecting the quality of sleep and thus help maternal
health monitoring. Use of ML algorithms like the naive
bayes, random forest, SVM and deep learning algorithms
like the CNN and RNN can be done for Sleep stage
classification like wakefulness, rapid eye movement sleep
and non-REM sleepl2.Data required for this can be
collected through sensors like the accelerometers, heart
rate sensors, air flow sensors ,ECG signals etc . Assessing
sleep quality during pregnancy can be done using ML
models to estimate sleep efficiency, sleep fragmentation,
or sleep depth. Sleep disorders like obstructive sleep
apnea (OSA) or restless leg syndrome (RLS) can also be
detected in its early stages and hence prevented using ML
algorithmst®®.Sleep data along with other vital signs and
maternal characteristics can be further used to predict
complications in pregnancy like the gestational diabetes,

Sensors to
sense

h

preeclampsia, or preterm birth and hence aid in addressing
the health risks involved for maternal health,

All this data can be used to suggest adjustments that need
to be made to enhance the sleep quality by suggesting
changes in individual practices.

7.Design of an Affordable and Efficient System

A system can be designed having a wearable device
having sensors embedded on it, which can collect body
signals or parameters and store it on the cloud storage.
Research says that only a few parameters like the
temperature, blood pressure, heart rate and oxygen will
be sufficient to correctly classify the quality of sleep®l.
This has been verified through the experimental results
obtained discussed in the experiments and results section.
Server can then read this data and apply ML algorithms
to make risk predictions or suggestions to improve
lifestyle and sleep behavior.The output of the system can
be transmitted and presented to the user via their phones
or tablets.

Parameters
stored in clo

Fig. 1. Architecture of Machine Learning based pregnancy monitoring systems.

8.Experiments and Results

The loT network was set up and real time data was
collected in the form of measurements of health
parameters like temperature, pulse rate, blood oxygen
level of the user from the wearable device.The wearable

device was designed using sensors and a small single-
board computer (SBC).

The MAX30102 pulse oximeter sensor was used for
measuring the values of heart rate and blood oxygen
levels. It is supposed to be placed on the user's wrist. The
LM35 temperature sensor was used for measuring the
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temperature. It can sense the temperature if applied to the
index finger. This sensor data was stored in the firebase
database for accessing it through a mobile application.

The dataset from the kaggle was used for training the
Machine Learning model for

the prediction of stress level.The real-time health
parameters like heart-rate, temperature, blood oxygen
level, pulse rate were used as the dependent variables. A
threshold was set if a value of any parameter exceeded the
threshold. A comparative study of 5 Machine Learning
algorithms is done to decide with the most suitable
algorithm applicable for this prediction model.These
algorithms were applied on the same dataset used for
training the model and were evaluated on the basis of
accuracy(%) given as an output by each one of them.
Results show that Linear regression has proved to have the
highest accuracy and can be applied. The actual prediction
model is built by using the TensorFlow Lite
framework.The Prediction of stress level is given in terms
of percentage. A mobile application was created as a user
interface.The user initially needs to install the application
on his mobile device.The user is then able to monitor his
heart rate, temperature, blood oxygen level and get
predictions on stress levels.

Table 4 below shows the results of different ML
algorithms that have been applied to the dataset from
Kaggel B9 using all these parameters as dependent
variables.Figure 2 shows the graphical representation of
the same.

There is a strong correlation between sleep and stress
which is shown using a heat map in figure 3. Stress can
significantly impact sleep quality and duration, while poor
sleep can also contribute to increased stress levelst®®l,
Hence if we monitor physiological parameters during
sleep we can get the prediction on stress levels too by
applying ML algorithms. The data set taken for the
experiment shows the relationship between the target
variable which is the Stress level and values that can be
sensed by sensors during sleep which are the snoring
range of the user, respiration rate, body temperature, limb
movement rate, blood oxygen levels, eye movement,
number of hours of sleep, heart rate in the dataset .

Results show that the Random Forest algorithm gives very
high and same accuracy of stress prediction regardless of
the parameters chosen for regression. Linear regression
can be used to get the best accuracy if sensor based
parameters are used.Polynomial regression also gives
very high accuracy of prediction of stress.

Table 5. Results

ML Algorithm | Accuracy Accuracy using
using all | sensor  based
parameters | parameters

SVR  (Support

vector

regression) 85.9% 59.6%

Random  forest

regression 98.4% 98.4%

Decision tree

regression 87.6% 91.6%

Polynomial

regression 88.9% 99.6%

Linear

regression 66.8% 100%
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Stress accuracy

B Accuracy using all parameters

100.00%

75.00%

50.00%

25.00%

0.00%

SVR (Support  Random forest
vector regression

regression)

B Accuracy using sensor based parameters

Decision tree Polynomial Linear
regression regression regression

ML Algorithm

Fig. 2. Accuracy for prediction of stress using different ML prediction algorithms

Heatmap between sleep_duration and stress_score

sleep_duration
sleep_duration

stress_score

\
sleep_duration

stress_score

1.0

- 0.4

-02

-0.0

stress_score

Fig. 3. Heat Map for finding correlation between stress score and sleep duration.

9.Conclusion

Prenatal care is important and can be ensured by
monitoring the pregnancy. Stress, anxiety, or depression
can have adverse effects on the mother as well as her
unborn baby like, preterm birth, low birth weight, and
gestational hypertension.It can also.Stress hormones of
the mother can travel through the placenta and affect the
baby's neurodevelopment.There is a strong bidirectional
correlation between stress and sleep.Stress disrupts sleep
patterns.Cortisol ,the stress hormone gets released when a
person is stressed. Inadequate and poor sleep increases
stress and sufficient and good quality sleep regulates
stress levels.Stress can be managed by good quality sleep
and thus it's important to monitor sleep quality. Different
sensors are available in the market which can be used to
measure physiological parameters whose readings can
then be analyzed to indicate sleep quality.

An 10T based economical wearable device can be
designed using sensors and a small single-board
computer. A mobile application can be developed as a part
of the system to get notifications and alerts for risk
prediction. Different ML algorithms can be used for risk
prediction using minimal physiological features as
dependent variables.

Thus a wearable device having a few sensors is sufficient
to get an accurate estimate on the quality of sleep and
indirectly the level of stress.

10.Future Enhancements

The accuracy of the results of this system can be increased
by using more relevant biosensors for collection of
comprehensive data.Further more the efficiency of the
algorithms can be improved by modifying the algorithm.
Stress management alone is not sufficient to discover all
risks associated with pregnancy and hence it is necessary
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to have a full solution which will cater to the needs of a
pregnant woman who needs to be monitored in the form
of a wearable device.This device can be build for accurate
prediction of risks that can be identified using
physiological parameters using bio sensors .[oI40I1]
Various other biological parameters can be considered for
the design of such a device like the Cervical length, Baby
kicks,lactic acid sensor, biometric parameters of the baby,
exhaled breath for disease diagnosis etc. for increased
accuracy and scope of risk detection. 8152 Nutritional
deficiencies also can be monitored using sensors. %

The efficiency of the IOT system can be increased using

algorithms for improving the performance of the system
[60]

References

[1] Chalmers T, Hickey BA, Newton P, Lin CT, Sibbritt
D, McLachlan CS, Clifton-Bligh R, Morley JW, Lal
S. Associations between Sleep Quality and Heart
Rate Variability: Implications for a Biological
Model of Stress Detection Using Wearable
Technology. Int J Environ Res Public Health. 2022
May 9;19(9):5770. doi: 10.3390/ijerph19095770.
PMID: 35565165; PMCID: PMC9103972.

[2] SabryF, Eltaras T, Labda W, Alzoubi K, Malluhi Q.
Machine Learning for Healthcare Wearable
Devices: The Big Picture. J Healthc Eng. 2022 Apr
18;2022:4653923. doi: 10.1155/2022/4653923.
PMID: 35480146; PMCID: PMC9038375.

[3] Jahan N, Went TR, Sultan W, Sapkota A, Khurshid
H, Qureshi IA, Alfonso M. Untreated Depression
During Pregnancy and Its Effect on Pregnancy
Outcomes: A Systematic Review. Cureus. 2021 Aug
17;13(8):e17251.  doi:  10.7759/cureus.17251.
PMID: 34540477; PMCID: PMC8448270.

[4] Dunkel Schetter C, Tanner L. Anxiety, depression
and stress in pregnancy: implications for mothers,
children, research, and practice. Curr Opin
Psychiatry. 2012 Mar;25(2):141-8. doi:
10.1097/YC0.0b013e3283503680. PMID:
22262028; PMCID: PMC4447112.

[5] Vandekerckhove M, Wang YL. Emotion, emotion
regulation and sleep: An intimate relationship.
AIMS Neurosci. 2017 Dec 1;5(1):1-17. doi:
10.3934/Neuroscience.2018.1.1. PMID: 32341948;
PMCID: PMC7181893

[6] Mehta, K.J. Effect of sleep and mood on academic
performance—at the interface of physiology,
psychology, and education. Humanit Soc Sci
Commun 9, 16 (2022).
https://doi.org/10.1057/s41599-021-01031-1

[71 HAMILTON, N. A, et al. “SLEEP AND
PSYCHOLOGICAL WELL-BEING.” Social
Indicators Research, vol. 82, no. 1, 2007, pp. 147—

(8]

[9]

[10]

[11]

[12]

[13]

[14]

(18]

[16]

[17]

(18]

63. JSTOR, http://www.jstor.org/stable/20734450.
Accessed 20 July 2023.

Chang JJ, Pien GW, Duntley SP, Macones GA.
Sleep deprivation during pregnancy and maternal
and fetal outcomes: is there a relationship? Sleep
Med Rev. 2010 Apr;14(2):107-14.  doi:
10.1016/j.smrv.2009.05.001. Epub 2009 Jul 21.
PMID: 19625199; PMCID: PMC2824023.

Silvestri R, Arico I. Sleep disorders in pregnancy.
Sleep Sci. 2019 Jul-Sep;12(3):232-239. doi:
10.5935/1984-0063.20190098. PMID: 31890101;
PMCID: PMC6932848.

Reutrakul, S., Martyn-Nemeth, P., Quinn, L. et al.
Effects of Sleep-Extend on glucose metabolism in
women with a history of gestational diabetes: a pilot
randomized trial. Pilot Feasibility Stud 8, 119
(2022). https://doi.org/10.1186/s40814-022-01076-
2

Kajeepeta S, Sanchez SE, Gelaye B, Qiu C, Barrios
YV, Enquobahrie DA, Williams MA. Sleep
duration, vital exhaustion, and odds of spontaneous
preterm birth: a case-control study. BMC Pregnancy
Childbirth. 2014 Sep 27;14:337. doi: 10.1186/1471-
2393-14-337. PMID: 25261975; PMCID:
PMC4190429.
https://www.mayoclinic.org/diseases-
conditions/high-blood-pressure/expert-
answers/sleep-deprivation/fag-
20057959#:~:text=The%20less%20you%20sleep%
2C%?20the,make%20your%20blood%20pressure%
20worse.

Teong, A.C.A., Diong, A.X., Omar, S.Z. et al. The
Impact of Self-Reported Sleep on Caesarean
Delivery in Women Undergoing Induction of
Labour: A Prospective Study. Sci Rep 7, 12339
(2017). https://doi.org/10.1038/s41598-017-12410-
7.

https://www.sleepfoundation.org/mental-health
Garbarino S, Lanteri P, Bragazzi NL, Magnavita N,
Scoditti E. Role of sleep deprivation in immune-
related disease risk and outcomes. Commun Biol.
2021 Nov 18;4(1):1304. doi: 10.1038/s42003-021-
02825-4. PMID: 34795404; PMCID: PMC8602722.
https://www.medicalnewstoday.com/articles/32535
3

King VJ, Bennet L, Stone PR, Clark A, Gunn AJ,
Dhillon SK. Fetal growth restriction and stillbirth:
Biomarkers for identifying at risk fetuses. Front
Physiol. 2022  Aug  19;13:959750.  doi:
10.3389/fphys.2022.959750. PMID: 36060697;
PMCID: PMC9437293.

Nollet M, Wisden W, Franks NP. Sleep deprivation
and stress: a reciprocal relationship. Interface
Focus. 2020 Jun  6;10(3):20190092.  doi:

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(9s), 166-181 | 178


https://doi.org/10.1057/s41599-021-01031-1
https://doi.org/10.1186/s40814-022-01076-2
https://doi.org/10.1186/s40814-022-01076-2
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://www.mayoclinic.org/diseases-conditions/high-blood-pressure/expert-answers/sleep-deprivation/faq-20057959#:~:text=The%20less%20you%20sleep%2C%20the,make%20your%20blood%20pressure%20worse
https://doi.org/10.1038/s41598-017-12410-7
https://doi.org/10.1038/s41598-017-12410-7
https://www.medicalnewstoday.com/articles/325353
https://www.medicalnewstoday.com/articles/325353

10.1098/rsfs.2019.0092. Epub 2020 Apr 17. PMID:
32382403; PMCID: PMC7202382.

[19] Roebuck A, Monasterio V, Gederi E, Osipov M,
Behar J, Malhotra A, Penzel T, Clifford GD. A
review of signals used in sleep analysis. Physiol
Meas. 2014 Jan;35(1):R1-57. doi: 10.1088/0967-
3334/35/1/R1. Epub 2013 Dec 17. PMID:
24346125; PMCID: PMC4024062.

[20] Sathyanarayana A, Joty S, Fernandez-Luque L, Ofli
F, Srivastava J, ElImagarmid A, Arora T, Taheri S.
Sleep Quality Prediction From Wearable Data
Using Deep Learning. JMIR Mhealth Uhealth. 2016
Nov 4;4(4):e125. doi: 10.2196/mhealth.6562.
Erratum in: http://mhealth.jmir.org/2016/4/e130/.
Erratum in: JMIR Mhealth Uhealth. 2016 Nov
25;4(4):e130. PMID:  27815231; PMCID:
PMC5116102.

[21] Liu J, Zhao Y, Lai B, Wang H, Tsui KL Wearable
Device Heart Rate and Activity Data in an
Unsupervised Approach to Personalized Sleep
Monitoring: Algorithm Validation JMIR Mhealth
Uhealth 2020;8(8):€18370

[22] McCall C, McCall WV. Comparison of actigraphy
with polysomnography and sleep logs in depressed
insomniacs. J Sleep Res. 2012 Feb;21(1):122-7. doi:
10.1111/j.1365-2869.2011.00917.x. Epub 2011 Mar
29. PMID: 21447050; PMCID: PMC3134551.

[23] Prieto-Avalos G, Cruz-Ramos NA, Alor-Hernandez
G, Sanchez-Cervantes JL, Rodriguez-Mazahua L,
Guarneros-Nolasco LR. Wearable Devices for
Physical Monitoring of Heart: A Review. Biosensors
(Basel). 2022 May 2;12(5):292. doi:
10.3390/bios12050292. PMID: 35624593; PMCID:
PM(C9138373.

[24] Aliverti A. Wearable technology: role in respiratory
health and disease. Breathe (Sheff). 2017
Jun;13(2):e27-e36. doi: 10.1183/20734735.008417.
PMID: 28966692; PMCID: PMC5621614.

[25] https://lemedicine.medscape.com/article/1188764

[26] Smith MT, McCrae CS, Cheung J, Martin JL,
Harrod CG, Heald JL, Carden KA. Use of
Actigraphy for the Evaluation of Sleep Disorders
and Circadian Rhythm Sleep-Wake Disorders: An
American Academy of Sleep Medicine Systematic
Review, Meta-Analysis, and GRADE Assessment. J
Clin Sleep Med. 2018 Jul 15;14(7):1209-1230. doi:
10.5664/jcsm.7228. PMID: 29991438; PMCID:
PMC6040804.

[27] Aledavood, T., Torous, J., Triana Hoyos, A.M. et al.
Smartphone-Based Tracking of Sleep in Depression,
Anxiety, and Psychotic Disorders. Curr Psychiatry
Rep 21, 49 (2019). https://doi.org/10.1007/s11920-
019-1043-y

[28] Chang, Ligiong, Lu, Jiagi, Wang, Ju, Chen,
Xiaojiang, Fang, Dingyi, Tang, Zhanyong, Nurmi,

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

Petteri,Wang, Zheng, 2018/09/18,1, 34,
SleepGuard: Capturing Rich Sleep Information
Using Smartwatch Sensing Data,
2,10.1145/3264908, Proceedings of the ACM on
Interactive, Mobile, Wearable and Ubiquitous
Technologies

Waltisberg, Daniel,Arnrich, Bert, Tréster, Gerhard,
2014/04/16, 211, 227,978-1-4471-6412-8, Sleep
Quality Monitoring with the Smart
Bed,10.1007/978-1-4471-6413-5 9

Mathias Baumert and others, Sleep characterization
with smart wearable devices: a call for
standardization and consensus recommendations,
Sleep, Volume 45, Issue 12, December 2022,
zsac183, https://doi.org/10.1093/sleep/zsac183
Anuja Mishra, Mukti Agrawal, Aaliya Ali, Prakrati
Garg, Uninterrupted real-time cerebral stress level
monitoring using wearable biosensors: A review,
First published: 16 July 2023
https://doi.org/10.1002/bab.2491

Conrad, Ansgar, Miiller-Alcazar, Anett, Doberenz,
Sigrun, Kim, Sunyoung, Meuret, Alicia, Wollburg,
Eileen, Roth, Walton, 2007/07/01, 89, 98,
Psychophysiological ~ Effects  of  Breathing
Instructions  for  Stress  Management, 32,
10.1007/s10484-007-9034-x, Applied
psychophysiology and biofeedback
https://www.apa.org/topics/stress/body
https://www.medicalnewstoday.com/articles/32381
9

Vinkers CH, Penning R, Hellhammer J, Verster JC,
Klaessens JH, Olivier B, Kalkman CJ. The effect of
stress on core and peripheral body temperature in
humans. Stress. 2013 Sep;16(5):520-30. doi:
10.3109/10253890.2013.807243. Epub 2013 Jul 9.
PMID: 23790072.

Kim HG, Cheon EJ, Bai DS, Lee YH, Koo BH.
Stress and Heart Rate Variability: A Meta-Analysis
and Review of the Literature. Psychiatry Investig.
2018 Mar;15(3):235-245. doi:
10.30773/pi.2017.08.17. Epub 2018 Feb 28. PMID:
29486547; PMCID: PMC5900369.

Ayada C, Toru U, Korkut Y. The relationship of
stress and blood pressure effectors. Hippokratia.
2015 Apr-Jun;19(2):99-108. PMID: 27418756;
PMCID: PMC4938117.

Cay M, Ucar C, Senol D, Cevirgen F, Ozbag D,
Altay Z, Yildiz S. Effect of increase in cortisol level
due to stress in healthy young individuals on
dynamic and static balance scores. North Clin
Istanb. 2018 May 29;5(4):295-301. doi:
10.14744/nci.2017.42103. PMID: 30859159;
PMCID: PMC6371989.

Villarejo MV, Zapirain BG, Zorrilla AM. A stress
sensor based on Galvanic Skin Response (GSR)

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(9s), 166-181 | 179


https://emedicine.medscape.com/article/1188764
https://doi.org/10.1007/s11920-019-1043-y
https://doi.org/10.1007/s11920-019-1043-y
https://doi.org/10.1093/sleep/zsac183
https://iubmb.onlinelibrary.wiley.com/authored-by/Mishra/Anuja
https://iubmb.onlinelibrary.wiley.com/authored-by/Agrawal/Mukti
https://iubmb.onlinelibrary.wiley.com/authored-by/Ali/Aaliya
https://iubmb.onlinelibrary.wiley.com/authored-by/Garg/Prakrati
https://iubmb.onlinelibrary.wiley.com/authored-by/Garg/Prakrati
https://doi.org/10.1002/bab.2491
https://www.apa.org/topics/stress/body

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

controlled by  ZigBee.  Sensors  (Basel).
2012;12(5):6075-101. doi: 10.3390/s120506075.
Epub 2012 May 10. PMID: 22778631; PMCID:
PMC3386730.

Katmah R, Al-Shargie F, Tariq U, Babiloni F, Al-
Mughairbi F, Al-Nashash H. A Review on Mental
Stress Assessment Methods Using EEG Signals.
Sensors (Basel). 2021 Jul 26;21(15):5043. doi:
10.3390/s21155043. PMID: 34372280; PMCID:
PMC8347831.
https://engineeringproductdesign.com/sensors-in-
smartwatches-fitness-trackers

Shinjae Kwon, Hojoong Kim, Woon-Hong Yeo,
Recent advances in wearable sensors and portable
electronics for sleep monitoring, iScience, Volume
24, Issue 5,2021,102461, ISSN 2589-0042,
https://doi.org/10.1016/j.isci.2021.102461.
(https://www.sciencedirect.com/science/article/pii/
$2589004221004296)
https://www.sleepfoundation.org/best-sleep-
trackers

Vijayan V, Connolly JP, Condell J, McKelvey N,
Gardiner P. Review of Wearable Devices and Data
Collection Considerations for Connected Health.
Sensors (Basel). 2021 Aug 19;21(16):5589. doi:
10.3390/521165589. PMID: 34451032; PMCID:
PMCB8402237.

Gopal IS, Haddad GG. Automatic detection of eye
movements in  REM  sleep using the
electrooculogram. Am J  Physiol. 1981
Sep;241(3):R217-21. doi:
10.1152/ajpregu.1981.241.3.R217. PMID: 7282967.
Meng Q, Tan X, Jiang C, Xiong Y, Yan B, Zhang J.
Tracking Eye Movements During Sleep in Mice.
Front Neurosci. 2021 Feb 25;15:616760. doi:
10.3389/fnins.2021.616760. PMID: 33716648;
PMCID: PMC7947631.
https://imotions.com/blog/learning/research-
fundamentals/galvanic-skin-response/

Sharma, Mahima, Kacker, Sudhanshu, Sharma,
Mohit, 2016/12/23, A Brief Introduction and Review
on Galvanic Skin Response,VL - 2, DO -
10.21276/ijmrp.2016.2.6.003, International Journal
of Medical Research Professionals

Nahum M. Gabinet, Boris A. Portnov,Investigating
the combined effect of ALAN and noise on sleep by
simultaneous real-time monitoring using low-cost
smartphone devices,Environmental
Research,Volume 214, Part 2,2022,113941,ISSN
0013-9351,
https://doi.org/10.1016/j.envres.2022.113941.
(https://www.sciencedirect.com/science/article/pii/
S0013935122012683)

Bhandari KR, Mirhajianmoghadam H, Ostrin LA.
Wearable Sensors for Measurement of Viewing

(53]

[54]

[58]

[56]

[57]

[58]

Behavior, Light Exposure, and Sleep. Sensors
(Basel). 2021 Oct  26;21(21):7096. doi:
10.3390/s21217096. PMID: 34770402; PMCID:
PMC8587946.

Morales-Vizcarra, E.; Del-Valle-Soto, C.; Visconti,
P.; Cortes-Chavez, F. Analysis and Correlation
between a Non-Invasive Sensor Network System in
the Room and the Improvement of Sleep Quality.
Future Internet 2022, 14, 270.
https://doi.org/10.3390/fi14100270

Ramachandran, A.; Karuppiah, A. A Survey on
Recent Advances in Machine Learning Based Sleep
Apnea Detection Systems. Healthcare 2021, 9, 914.
https://doi.org/10.3390/healthcare9070914
Dwivedi R, Mehrotra D, Chandra S. Potential of
Internet of Medical Things (IoMT) applications in
building a smart healthcare system: A systematic
review. J Oral Biol Craniofac Res. 2022 Mar-
Apr;12(2):302-318. doi:
10.1016/j.jobcr.2021.11.010. Epub 2021 Dec 11.
PMID: 34926140; PMCID: PMC8664731.

Bin YS, Cistulli PA, Ford JB. Population-Based
Study of Sleep Apnea in Pregnhancy and Maternal
and Infant Outcomes. J Clin Sleep Med. 2016 Jun
15;12(6):871-7. doi: 10.5664/jcsm.5890. Erratum in:
J Clin Sleep Med. 2017 Jan 15;13(1):147-150.
PMID: 27070246; PMCID: PMC4877320.
[55]Nam Y, Kim Y, Lee J. Sleep Monitoring Based
on a Tri-Axial Accelerometer and a Pressure Sensor.
Sensors (Basel). 2016 May 23;16(5):750. doi:
10.3390/s16050750. PMID: 27223290; PMCID:
PMC4883440.
https://sleepdoctor.com/mental-health/stress-and-
sleep

[59] Qian Su, Huifang Zhang, Yanyan Zhang, Huiping

[60]

[61]

[62]

Zhang, Ding Ding, Junan Zeng, Zhongliang Zhu,
Hui Li,Maternal Stress in Gestation: Birth
Outcomes and Stress-Related Hormone Response of
the Neonates,Pediatrics & Neonatology,Volume 56,
Issue  6,2015,Pages  376-381,ISSN 1875-
9572, https://doi.org/10.1016/j.pedneo.2015.02.002.
Meenal Kamlakar, Dipti D. Patil, Lalit Patil, 2022.
Survey On Different Methods Used to Track
Maternal and Fetal Health During Pregnancy.
Journal of Pharmaceutical Negative Results. 13, 4
(Dec. 2022), 1539-1546.

LAKSIKA THARMALINGAM
Available:
https://www.kaggle.com/datasets/uom190346a/slee
p-health-and-lifestyle-dataset.

Lokhande, Meghana P., and Dipti Durgesh Patil.
"Enhancing the energy efficiency by LEACH
protocol in the internet of things." International
Journal of Computational Science and Engineering
25.1 (2022): 1-10.

[Dataset].

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(9s), 166-181 | 180


https://engineeringproductdesign.com/sensors-in-smartwatches-fitness-trackers
https://engineeringproductdesign.com/sensors-in-smartwatches-fitness-trackers
https://doi.org/10.1016/j.isci.2021.102461
https://www.sciencedirect.com/science/article/pii/S2589004221004296
https://www.sciencedirect.com/science/article/pii/S2589004221004296
https://www.sleepfoundation.org/best-sleep-trackers
https://www.sleepfoundation.org/best-sleep-trackers
https://imotions.com/blog/learning/research-fundamentals/galvanic-skin-response/
https://imotions.com/blog/learning/research-fundamentals/galvanic-skin-response/
https://doi.org/10.3390/fi14100270
https://doi.org/10.3390/healthcare9070914
https://sleepdoctor.com/mental-health/stress-and-sleep
https://sleepdoctor.com/mental-health/stress-and-sleep
https://doi.org/10.47750/pnr.2022.13.04.216

[63] Patil, D. D., & Meshram, D. A. (2023). Machine of exhaled breath (EB) for diagnosis of diseases in

Intelligence Based Assessment of Nutritional human body,Informatics in Medicine Unlocked,

Olfactory Features for Controlling Health Hazards Volume 26,2021,

Using Electronic Nose. Revista De Gestdo Social E [65] 100715,ISSN2352-

Ambiental, 17(8), e03499. 9148, https://doi.org/10.1016/j.imu.2021.100715.

https://doi.org/10.24857/rgsa.v17n8-013 (https://www.sciencedirect.com/science/article/pii/
[64] Nilakshi Maruti Mule, Dipti D. Patil, Mandeep Kaur, $2352914821001969)

A comprehensive survey on investigation techniques

International Journal of Intelligent Systems and Applications in Engineering IJISAE, 2024, 12(9s), 166-181 | 181


https://doi.org/10.1016/j.imu.2021.100715

