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Recently, baby healthcare monitoring systems have emerged as a key research area. However, numerous research studies have
been conducted on babies and their state of either awakening or sleeping. But there is a lack of comprehensive and systematic
review in this area of research. The existing research considers mostly the children’s monitoring vital health parameters, in turn,
giving relaxation to the parents in caring of their babies. Still, the fundamental practical issues related to daily life are missing. As
aresult, the safety of babies against suffocation and falling hazards for employed parents or mothers involved in the workforce has
been overlooked. Only a few studies exist that cover the age range of 0 months to 4 years, with further focus on the age range of
6 months to 4 years. In response to these gaps in previous research and existing technologies, this review work proposes a vision
for a baby safety system that utilizes various sensors and technologies like machine learning and image processing to ensure a safer

environment for babies.

1. Introduction

In recent decades, working mothers have represented
a significant part of the labour force, accounting for nearly
one-third (32%) of all working women. According to the
American Community Survey conducted by the
United States Census Bureau, two-thirds of the 23.5 million
employed women with children under 18 work full-time [1].
Thus, it has significantly impacted contemporary society [2].
Nowadays, with the increased demands of life and busy
lifestyle, taking care of infants is becoming extremely dif-
ficult [3]. According to a survey by the Centre for American
Progress, half of U.S. families face childcare difficulties [4].

Due to the duo’s work culture, infants suffer from
a regrettable lack of maternal care and nurturing, leading to
serious health issues. About 19% of parents encounter
difficulty because childcare is expensive, and approximately

38% do not even have access to childcare facilities [5].
Furthermore, babysitting does not fulfil parent’s natural
feelings and desires for baby upbringing, and in extreme
cases, it may result in infant mortality. According to the
World Health Organisation (WHO), substantial progress
has been made in reducing child mortality worldwide since
1990. The overall number of deaths among children under
the age of five worldwide has fallen from 12.6 million in 1990
to 5 million in 2020. The global under-5 mortality rate has
fallen by 60%, from 93 deaths per 1000 live births in 1990 to
37 in 2020. This is equivalent one in every 11 children dying
before the age of five in 1990, compared to one in every 27 in
2020 [6].

According to the report of the New Zealand Ministry of
Health, the risks to the safety of babies have increased due to
the increase in COVID-19 cases, resulting in 497 deaths in
the last two years [7], affecting almost the whole world.
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Because of this, opening childcare facilities that rely on
nannies who may not practice good hygiene and grand-
parents as caregivers could pose a risk.

All of these challenges highlight the importance of in-
corporating cutting-edge technologies in providing a smart
healthcare system and improving the safety of babies during
their sleep-in order to avoid dangerous situations and enhance
parents’ experience caring for their babies. In light of recent
advancements on The Internet of Things (IoT) technology and
its applications, which have surpassed traditional environment
sensing techniques, wireless sensor networks (WSNs) become
essential for various applications such as health monitoring
systems. [oT has the potential to communicate sensor data over
the Internet without human interaction. The IoT architecture
helps control devices, real-time monitoring, autonomous op-
erations, and optimize data analysis. Therefore, it is widely
considered to be the most convenient technology designed to
make individuals’ lives easier. It has been noticed that machine
learning and deep learning are also playing an important role in
building up the smart and intelligent healthcare system [8] and
to improve the quality of service [9], respectively. Here in, the
development of smart devices such as wearable sensors can
bring intelligence to healthcare systems that can be useful in
a variety of fields such as infant safety and health-tracking, care
for the elderly, healthcare monitoring [10], military and law
enforcement, sports, and preventive medicine [11]. Even these
days, mental health disorders are being depicted in not only
adults [12] but in children [13] and adolescents who have been
taken into challenge to resolve using machine learning and
deep learning algorithms. Wearable sensor-based technologies
for infants have also been introduced to warn of life-
threatening situations [14].

Several ongoing studies have encountered various
technical challenges such as limited visibility of only one side
of the face, alignment issues, and the baby sucking their
thumb while sleeping [15]. In particular, there are specific
scenarios that are known to be dangerous, such as skull
fractures, dislocated bones, and head injuries that can result
in death due to falling hazards. Moreover, risky postures
may lead to fall [16] and become the serious reason for the
babies’ death. Cold temperatures and nose blockage can also
lead to suffocation, adding to the potential dangers. Addi-
tionally, some studies have faced hardware constraints to
achieve optimal accuracy in their results. However, there is
a noticeable lack of research that tackles privacy concerns.
Consequently, parents and caregivers must constantly
monitor babies, and ensuring their care and safety has
become an everyday challenge.

The remainder of the article is organized as follows:
Section 2 provides literature review. The vision of the Baby
Health Monitoring System (B.H.M.S.) and open research
issues are discussed later. Finally, the paper is concluded
with the discussion.

2. Related Work

The advanced IoT technologies and wearable sensors un-
derpinning the B.H.M.S. are active research areas. Hence-
forth, there have been 14 articles selected after reviewing
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several research works. This review concentrated solely on
the risky scenarios faced by the baby in a sleeping state.
Furthermore, the review has been restricted to children aged
6 months to 4 years. These dangerous scenarios are further
subdivided into three major ones: continuous cry, safety
hassle/environment issues, and health problem, and are
explained in two ways: single scenario and mixed scenarios
summarised in Tables 1 and 2, respectively. The overview of
literature review is shown in Figure 1 in the form of a tree
diagram. The health risks faced by babies who are put under
the care of childcare, nannies, or even grandparents have
been considered in the literature analysis. In addition to the
risks, current technological solutions have been highlighted.

The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) technique has been used for
systematic reviews and meta-analyses as the systematic re-
view methodology [17]. Scopus, Web Science, Science Di-
rect, Springer Link, Google Scholar, and the IEEE Xplore
Digital Library are among the databases searched.

The following keywords are used in the literature review:
“infant care,” “child care,” “baby healthcare monitoring,”
“smart wearable system,” “IoT-based healthcare system,”
“wearable sensors,” “dangerous scenarios,” and “scientific
technology.” Additional search terms such as “baby” to
avoid excluding papers on infants, toddlers, and combina-
tions such as dangerous scenarios/baby/HMS/IoT/sensors/
scientific technology/up to 4 years’ age group are recom-
mended. At the start, 80 publications are identified from the
databases. Five duplicates’ publications are removed after
the initial screening. Furthermore, 20 articles are removed
after skimming through the abstracts and the initial
screening. Thus, 65 full-text publications were retrieved and
included to be evaluated for eligibility based on the exclusion
criteria (Table 3). Following the exclusion of irrelevant
studies, 14 publications are chosen for the final review.
Figure 2 presents the study selection process, while Tables 1
and 2 depict a comprehensive illustration of the included
publications.

2.1. Health Risks. Parents often take on multiple roles as
essential economic or domestic family support, whether they
live in developing or developed countries. As a result,
parents may leave their infants or toddlers in the care of
grandparents, nannies, or childcare centres. This may expose
babies to a variety of health risks that may have been pre-
ventable at home. The risks of baby safety exist while the
baby is moving, awake, or asleep. Problematic situations may
arise, such as colic, electric shock, falling downstairs, sei-
zures, swallowing objects, or rolling over. While some of
these can be prevented, numerous dangerous and potentially
fatal scenarios can occur when a baby is asleep, including
falling from an elevated crib, bed, sofa, or couch, intense or
continuous crying, accidental asphyxia, seizures, suffocation,
sudden infant death syndrome (SIDS) [18, 19], chest
compression, severe cold and cough, high fever, abnormal
posture and gestures, and others. The next subsection that
follows looks at available technology solutions to similar
challenges.
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Baby Sleeping

Age

0-6 months Age

6 months - 4
years

[34] [35] [36] [37]
[38]

Safety
Hassle/Environment
Issue

Continuous Cry

[20] [21] Health Problems

Dangerous sharp
objects [30] [31],

Hunger [37], Stranger’s

Discomfort [20] anxiety [20], pain
[29] [40] [20] [32]

falling injuries
[22] [40]

Sneezing,

.1 Colic, cough,

SIDS [15] [28] [31],
Wet mattress
[27] [29] [31],

Roll-over [15],
face mask
[15][[30]

cerebral palsy
[24] [32],
Hyperthermia/H

Suffocation
[15] [23] [30] [32]

ypothermia
[15] [25] [30]

FIGURE 1: Tree diagram depicting leading risks and dangerous scenarios while the baby is sleeping.

TaBLE 3: Exclusion criteria.

Exclusion criteria

0 NNV AW -

Articles that are not in English
Studies with a less technological focus
Articles solely on generic healthcare activities
Articles published ten years ago
Smart home studies for elderly healthcare

Articles with more emphasis on infants of 0-6 months

Articles with a commercial focus only

Studies with a high focus on computer networking, protocols, connectivity, and

designs

2.2. Existing Technological Solutions. The following sub-
sections present solutions to a variety of scenarios: these are
single and mixed scenarios. Single scenario direct towards
the designed system which has found the solution for any of
the single situation that can be either continuous cry or
safety hassle/environment issue or health problems faced by
the baby as shown in Figure 1, whereas mixed scenarios
depict the designed system that has found solutions for
multiple situations that can be mixed issues of continuous
cry, safety hassle/environment issue, and health problems
faced by the baby.

2.2.1. Single Scenario

(1) Continuous Cry. Myakala et al. [20] proposed an In-
telligent Cry Monitoring and Cry Detection System to
monitor the cause of a child’s cry in real time. Cry detection
employs signal processing methods such as autocorrelation
and modified zero-frequency filtering. The cry signal is also
used to extract parameters such as instantaneous

fundamental frequency (FO0), strength of excitation, and
signal energy. These extracted features detect the cause of the
cry, such as discomfort, vaccine pain, anxiety, hunger, and
thirst. Thus, it resulted into the behaviour of quantifying
output parameters of the extracted parameters. These pa-
rameters are reported to be substantially larger in the pain
category than in the discomfort category. In the future, the
system must alleviate the delay in relaying the alert message
to the parents. The system must maintain the sensors’
module’s data transmission frequency at face value with the
signal processing unit’s data receipt frequency. This could
assist in the prevention of data loss. Xie et al. [21] proposed
a two-step approach for detecting continuous infant cries.
First, using a volume-based thresholding algorithm, back-
ground segments are detected. This algorithm is consider-
ably more efficient in terms of computation. The second step
is extracting cry detection features using advanced con-
volutional neural network (CNN) models. These models
operate on the log linear-scale filter bank energies of audio
signals. The proposed approach attained an accuracy of
98.6% in identifying background noise and 92.2% in
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A\ 4

through databases
searching
(n=80)

A 4

Records screened

Duplicates removed
(n=5)

A\ 4

Records excluded during initial screening
(n=20)
Not in English (n=1)

(n=75)

A 4

Full text articles
assessed for

Medical Patients (n=5)
Not Wearable sensors/IoT (n=10)
General well-being/health applications (n=4)

Records excluded
»|  based on developed

screening
(n=55)

A 4

Studies included
(n=14)

exclusion criteria
(n=41)

FIGURE 2: The study selection process.

detecting cries from other irrelevant sounds. While future
work should focus on detecting the duration of crying and
the strategy for triggering relevant alarms, the reasons for
crying must also be taken into consideration to enable
parents provide effectual and liable parenting.

(2) Safety Hassle/Environment Issue. Khan et al. [15] pro-
posed an intelligent baby monitor to detect potentially
dangerous or undesirable settings for the baby. In their work
[15], the monitoring device uses artificial intelligence (AI)
and image processing techniques to detect scenarios such as
face masks and incorrect sleep postures, including roll-over,
sleeping on the stomach, etc. The implemented algorithms
show successful real-time efforts with low latency. Hence,
a dataset of a new image with complex sleeping postures of
babies, such as a baby sucking thumbnail while sleeping,
only the side face visible, alignment issues, etc., may be
required in the future. These data are then labelled, and the
models are retrained using transfer learning with the new
dataset. Dubey et al. [22] toiled over a non-contact-based
baby monitoring system that detects crying, real-time mo-
tions and positions of newborns, and boundary conditions
of the bed using image processing to reduce the probability
of falling hazards. The face detection algorithm is trained

using the Haar classifier to detect positive and negative
nonfacial images. The system responds at the desired time
interval of 120 seconds in the form of an e-mail to alert the
parents about the current status and the baby’s snap. Despite
this, the alert system must be through calls or messages to the
parents and family doctor/paediatrician for prompt actions.

(3) Health Problems. Hussain et al. [23] proposed a new
vision-based baby monitoring framework in which control
charts were employed as a process improvement technique
to analyse a baby’s breathing behaviour. In this scenario, the
upper control limit (UCL) refers to highly intense motion,
while the lower control limit (LCL) refers to no motion in
control charts. If certain limitations are exceeded for a cer-
tain number of frames in a single interval, an alarm is
generated. The frame difference and background subtraction
(Gaussian mixture-based background/foreground segmen-
tation) algorithm is used to compute baby motion. Response
time and accuracy in percentage of 15 frames per interval for
30 F.P.S. (720p) using the following methods:

(1) Frame difference: 0.4 and 84.51
(2) Background subtraction: 0.89 and 84.51
(3) Hybrid method: 0.89 and 84.51
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Lightweight CNN models can be used to efficiently present
actions/patterns. Airaksinen et al. [24] described a smart
multisensory jumpsuit as a wearable device for infants. The
developed infant wearable used machine learning algorithms
based on deep CNNs to screen and identify infants. These
infants may be at a high risk for neurodevelopmental disorders
such as cerebral palsy and autism spectrum disorders. Thus, the
algorithm is trained to detect posture and movement classes
using the data and annotation. Hence, CNN has an accuracy of
80% and support vector machine (SVM) has an accuracy of
70-75% for automatic posture detection. Furthermore, a new
method for analysing hand or leg movements indifferent
posture contexts is to be introduced. Ishak et al. [25] introduced
an improved outlook for the Neonatal Intensive Care Unit
(NICU). It focuses on designing a monitoring system that
includes an incubator equipped with the required sensors to
measure the pulse rate and humidity. A survey of various
sensors and actuators has been conducted to implement an
intelligent cradle alerting to prevent unsanitary situations from
becoming significant issues for the newborn [26]. Pratap et al.
[27] developed an IoT-based smart cradle that monitors hy-
gienic conditions to ensure babies’ well-being. Huang et al. [28]
demonstrated an accuracy of 87.8% in detecting safe newborn
sleep postures to avoid fall injuries and SIDS.

2.2.2. Mixed Issues and Scenarios. Mixed Issues and Sce-
narios. Of the research work and solutions that entail exam-
ining multiple health and safety issues at once are shown in
Table 2, for example, tracking an infant’s biofeedback moni-
toring, sleep position, respiratory rate, and body temperature.
These data are considered the primary factor in the high risk of
SIDS. [18]. Ferreira et al. [19] developed an approach that
describes the use of a smart wearable system for SIDS.
Monitoring with a wearable IoT device embedded into a chest
belt provides critical key metrics for diagnosing SIDS scenarios
and evaluating sleep quality. Joshi et al. [29] presented the
design of a smart cradle, which reduces the sleep disturbances
of the baby from 50%, i.e., of the traditional to 35%, i.e., of the
proposed one. Lai et al. [30] integrated the CNN with the
Gaussian mixture model (G.M.M.) to detect abnormal or
harmful occurrences such as asphyxia, milk vomiting, dan-
gerous or sharp objects in the vicinity, and sleeping on the
stomach. Furthermore, using the time series analysis method,
the false alarm rate was reduced to zero. Jabbar et al. [31]
designed a smart cradle; it helps in the detection of crying and
the surrounding environmental conditions to avoid risky sit-
uations such as SIDS. Divakaran et al. [32] designed a unique
bed named “Bedstead” to save babies from dangerous situa-
tions such as cerebral palsy, which includes seizure attacks,
discomfort, respiratory problems, muscle spasms, etc. The
author ensures that babies can have profound and un-
interrupted sleep with little or no disruption.

3. The Vision of B.H.M.S

B.H.M.S. is the system to give ease and comfort to the babies
in any way either measuring vitals or finding the dangerous
scenarios to avoid further life-threatening incidents. Many
B.H.M.S. are being designed to provide better quality sleep

by keeping eye on the babies’ vital parameters. Thus, in this
research work, the B.H.M.S. to be designed is an alert-based
system for sleeping babies considering two cases:

Case (i): A camera captures the image, and the sensors
detect breathing status in a suffocation state

Case (ii): A camera captures the image and movements
in a falling state

The system architecture of case (i) of the proposed
system is illustrated in Figure 3.

(a) Data collection: in this initial stage, various sensors
such as the heart rate, SpO,, body temperature sensor,
and pi camera are used to detect the respiration details
and capture images and transmission is done.

(b) Cloud storage: the collected data are stored via Wi-Fi
or Bluetooth. This is the gateway to make the data
available on a global platform.

(c) Analysis, face detection, and feature extraction: in
this stage, the collected data are analysed further to
detect the face and perform feature extraction using
different algorithms.

(d) Decision system: based on the analysis over the
detected face and extracted features of the baby along
with the detected vital parameters, the decision is
being taken in the form of alert.

(e) Alert to the parents: immediate alert is given to the
parents/caregivers.

The vision of case (ii) of the proposed system is illus-
trated in Figure 4.

(a) Data collection: in this initial stage, a pi camera is
used to capture images of babies during sleeping and
further movement in the partial sleeping state.

(b) Cloud storage: the collected data are stored via Wi-Fi
or Bluetooth. This is the gateway to make the data
available on a global platform.

(c) Analysis, face detection, and motion detection: in this
stage, the collected data are analysed and face detection
is performed to identify the partial sleeping state of the
baby. Then, motion is detected to retrieve the condition
of crossing the threshold limits, reaching a nearby
staircase using machine-learning-based algorithms.

(d) Decision system: based on the analysis over the
detected face and motion of the baby, the decision is
being taken in the form of alert.

(e) Alert to the parents: immediate alert is given to the
parents/caregivers.

In Table 4, the B.H.M.S. vision depicting the two dan-
gerous scenarios articulates the system’s needs and findings,
as well as the indication of priority-based warning events.

4, Discussion

The challenges and issues that have been addressed, in turn,
stimulate the research with practical welfare. It has been
analysed that the existing systems pose few practical
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FIGURE 3: System architecture depicting the dangerous scenario of suffocation of a baby while sleeping.
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FIGURE 4: System architecture depicts the dangerous scenario of slipping over a staircase while a baby is partially sleeping.
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challenges, such as face masking [15, 30], falling hazard [30],
intense loud crying [33, 37, 38], heart rate shooting up [39],
accidental asphyxia, and SIDS [34-36, 40]. Moreover, the
baby aged months to 24 months remains unsafe for the case
ofleaving in a crib alone. There is a chance of suffocation due
to a tangled blanket or sleeping over the stomach. The head
may get banged with the fences of the crib. When a baby is
playing in a crib, their head, hands, or legs may get entangled
in the slats of fences of the crib [1, 6]. These dangerous
situations can further deviate the systems’ concern towards
more safety while the baby or child is sleeping.

This article reviewed 14 baby healthcare monitoring ap-
plications based on IoT [42], wearable sensors [41], and
scientific technologies. The articles were reviewed following
the eligibility criteria of the PRISMA technique. It has been
taken into account that the selected studies were published
between 2010 and 2022. Moreover, it has been aimed to select
only the articles that worked on babies of 6 months to 4 years
and babies” sleeping state as a prior consideration. These
reviewed articles evaluated the technological advancements
and the implementation of advanced devices supporting baby
healthcare and the parents or mothers involved in the
workforce. The articles have been assessed using single sce-
narios and multiple scenarios, monitoring systems to identify
multiple challenges. Those research challenges have been
considered to pin down the data detection and collection,
techniques for processing, and practicality and appropriate-
ness in a system. Thus, the focus was on briefing these
challenges and articulating a solution-based system for the
safety of babies in the identified dangerous scenarios, in turn,
giving relaxation to the parents in their babies’ care.

5. Conclusion and Future Work

The research is directed towards identifying the dangerous
scenarios for sleeping babies which leads to life risks. Hence,
we intend to focus on two scenarios that may get proven as
life-threatening: Suffocation (asphyxia) and falling hazards
(slipping over a staircase). Both these scenarios can escalate
the condition of the baby to mortality. This research envi-
sioned an alert-based system that can find the possibility of
two cases while a baby is sleeping:

(i) Suffocation: baby suffering from cold and concur-
rently started sucking thumbnail.

(ii) Slip over staircase: baby is in a partial sleeping state
and has concurrently started moving and crossing
the threshold limit of reaching the nearby staircase.

Henceforth, the system can be designed using computer
vision techniques and sensing technologies. Moreover, this
research framework can be taken as future scope.

Additionally, the research inculcates the challenge that
needs to be considered in the cost-effectiveness, customer re-
liability, and compatibility with the commercial-based product.
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