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Sleep Monitoring and Sleep-Aid Intervention
Methods: A Review

Chunhua He , Xiaoman Wang, Yangxing Wen, Shuibin Liu, Zewen Fang, Heng Wu,
Maojin Liang, and Songqing Deng

Abstract—Sleep disorders and the associated physical and
mental illnesses are becoming increasingly prominent, affecting
people’s quality of life and work-learning efficiency. Accurate
sleep monitoring and efficient sleep-aid interventions are still
world challenges. In recent years, there have been significant
advances in monitoring the in-and-out-of-bed state, heart rate,
heart rate variability (HRV), respiratory rate, snoring event,
body movement, and sleep stage, including the development
and use of multimodal sensors for data acquisition and the
adoption of AI techniques, such as feature extraction and pattern
recognition for sleep parameter identification. Common sleep-aid
methods can be categorized into two main groups: pharmacologic
and nonpharmacologic. However, in the long run, it seems
that the effect of a single sleep-aid method is limited, and the
integration of multiple sleep-aid intervention methods is the
trend. Microneedle sleep-aid techniques that integrate herbal
sleep aids, acupoint acupuncture sleep aids, and transcranial
current stimulation sleep aids have emerged. However, there is
a lack of summarization and review of the latest research on
sleep monitoring and sleep interventions in recent years, and
this article hopes to point out the limitations of the current
technology and suggest under-explored research paths through
the investigation of the latest studies. In this article, relevant
studies in the last 5–10 years have been well researched, and
expertise in neuroscience, clinical medicine, biomedical engi-
neering, computer science, mobile health, and human–computer
interaction is utilized to discuss sleep monitoring and sleep-aid
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techniques from an interdisciplinary perspective. The principles
of state-of-the-art sleep monitoring techniques, multidimensional
sleep parameter recognition techniques, and physical, medical,
and microneedle sleep-aid techniques are presented. In addition,
the advantages and limitations of these techniques, as well as
the opportunities and challenges of emerging techniques, are
discussed.

Index Terms—AI algorithms, hardware system, sensors, sleep-
aid intervention, sleep monitoring.

I. INTRODUCTION

ONE-THIRD of a person’s life is spent sleeping, but in
the current fast-paced world, quality sleep has become

a luxury. According to the statistics of sleep associations in
the United Kingdom, the United States, France, and Japan,
the average sleep time of the French is 8.7 h, the average
sleep time of the Americans is 7.5 h, the average sleep time
of the British and the Japanese is 6.5 h, the average sleep
time of the Americans on weekdays is less than 6 h, and
the average sleep time of the Japanese on weekdays is even
less [1], [2]. According to the World Health Organization,
a survey of 25 916 patients attending primary care in 15
regions of 14 countries found that 27% had sleep problems [3].
The incidence of insomnia has been reported to be as high
as 32%–50% in the United States, 10%–14% in the United
Kingdom, 20% in Japan, and 30% in France [4]. The findings
of the “China Sleep Research Report (2023),” edited by
the Xilinmen Sleep Research Institute and published by the
Institute of Social Research of the Chinese Academy of
Social Sciences and the Zhimeng Consulting Organization, in
conjunction with the China Sleep Research Society and the
Sleep Center of Peking University, show that [5], [6], the sleep
condition of the Chinese population is average, as evidenced
by the fact that the sleep index of the Chinese population
in 2022 will be 67.77 points (percentage scale). In terms of
trends, the sleep indexes of Chinese residents are 71.24, 69.2,
67.5, and 64.78 h in 2018, 2019, 2020, and 2021, respectively,
with 2022 marking the first rebound in the declining trend in
sleep quality since 2010. The prevalence of sleep disorders
ranges from 15% to 30% for domestic adults and 10% to 23%
for domestic adolescents.

Currently, sleep disorders and the physical and mental
illnesses caused by them are becoming increasingly promi-
nent among Chinese residents. Sleep disorders refer to
shortened sleep duration, interrupted sleep, or daytime sleepi-
ness. Common sleep disorders include insomnia, circadian
rhythm disorders, excessive sleepiness disorders (sleep apnoea,
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episodic somnolence, Restless Legs Syndrome/Periodic Limb
Movement Disorder (RLS/PLMD)), and parasomnias [7], [8].
Sleep apnoea syndrome is one of the most important sleep
disorders, affecting about 1 billion people worldwide and more
than tripling the risk of stroke and cardiovascular mortality
if left untreated [9], [10]. More than 400 million people in
China suffer from sleep problems, and nearly 60% of chil-
dren and adolescents are sleep-deprived. The latest research
indicates that there are more than 80 kinds of sleep-related
diseases, and long-term sleep deprivation will increase the
risk of cardiovascular diseases, anxiety, depression, diabetes,
and obesity and impair cognitive function, memory, and the
immune system, thus affecting the quality of life and work-
study efficiency [11]. Therefore, how to enable people to
conveniently and effectively carry out sleep monitoring and
quality evaluation in daily life, understand their sleep condi-
tions, and create conditions for the discovery and treatment
of related diseases is particularly important in sleep medicine,
which plays an important role in the economy of the country,
the people’s livelihood, and the prosperity and stability of
society.

Accurate sleep monitoring and efficient treatment are still
worldwide problems, and well-known universities at home and
abroad, such as Stanford University in the United States and
Peking University in China, have in recent years listed sleep
medicine as a cutting-edge cross-discipline for key develop-
ment! Sleep medicine is a new cross-disciplinary discipline
with strong synthesis, and the main research content includes
biological mechanisms of sleep and wakefulness, circadian
rhythm, pathophysiological mechanisms of various types of
sleep disorders, clinical assessment, diagnosis, prevention, and
treatment. For sleep monitoring and diagnosis, the most accu-
rate and authoritative testing equipment is polysomnography
(PSG), which is mainly used to detect signals of electroen-
cephalogram (EEG), electrocardiogram (ECG), respiration,
etc., to analyze and obtain the indicators of heart rate and
heart rate variability (HRV), respiration rate, snoring (i.e.,
sleep apnoea syndrome), and sleep stages (including deep
sleep, light sleep, rapid eye movement (REM) sleep (REM),
wakefulness), etc. The equipment is expensive (e.g., German
Somerset). Since the equipment is expensive (e.g., the PSG
of the German Somno V5 costs up to RMB 450 000), only
some hospitals or professional sleep monitoring organizations
have this equipment, and its application is difficult to promote.
The waiting period for patients to make appointments for
sleep monitoring in hospitals is usually long and costly. In
addition, PSG is a wearable device, and patients usually need
to wear more than 50 electrodes, which is very troublesome
and time-consuming. The multiple electrodes connecting to
the device will have a certain impact on their sleep, and
unconscious sleep movements during the night may also lead
to the detachment of some electrodes, which will affect the
measurement results. It can be seen that expensive, uncomfort-
able, inconvenient, and other problems are the main reasons
why PSG cannot be popularized and applied to all people.
Therefore, the realization of convenient sleep monitoring and
quality analysis at home is of great practical significance
for the practical improvement of the sleep health of the

nation (especially the youth and the elderly) and also for the
promotion of the national economy and social development.
Sleep monitoring and sleep quality analysis can be used not
only for the diagnosis of sleep disorders but also for the
evaluation of the effectiveness of sleep aids, so that doctors
can adjust their interventions according to the results of this
feedback. Common sleep-aid interventions can be divided
into two categories: pharmacological and nonpharmacological
interventions. Pharmacological sleep-aid interventions mainly
include Western medicine and traditional chinese medicine
(TCM). Nonpharmacological sleep-aid interventions mainly
include two major categories: psychological intervention and
physical intervention.

However, there is a lack of summarization and review of
the latest research on sleep monitoring and sleep interventions
in recent years. In this article, the research and review are
centered on two major issues in the field of sleep medicine:
sleep monitoring and sleep intervention, which can form
a closed loop: sleep monitoring provides a scientific basis
for intervention, and the effect of intervention is optimized
through the feedback of monitoring, forming a dynamic cycle.
This article hopes to point out the limitations of the current
technology and suggest under-explored research paths through
the investigation of the latest studies. The contributions of this
article include.

1) The relevant methods concerning sleep monitoring and
sleep aid interventions during the last 5–10 years are
comprehensively introduced; for sleep monitoring, the
principles of sleep monitoring and multidimensional
sleep parameter recognition techniques are highlighted,
and for sleep aid methods, physical, medical and
microneedle sleep aid techniques are highlighted.

2) The advantages and disadvantages of the relevant meth-
ods are discussed and compared.

3) The not fully researched directions of the current
research status are explored, and the future technological
trends are predicted.

II. SLEEP MONITORING

A. Principles of Sleep Monitoring

Sleep quality is related to age, cardiovascular, neurological,
and mental health, reflecting the organization of the autonomic
nervous system (ANS) and the homeostatic state of circadian
rhythms [12]. The ANS consists of the sympathetic and
parasympathetic nervous systems, which are usually domi-
nated by the sympathetic nerves during waking or stressful
states and the parasympathetic nerves during sleep or relax-
ation. Sleep stages mainly consist of REM and non-REM
(NREM) stages, and (NREM) stages include wakefulness,
light sleep, and deep sleep stages. The main types of sleep
apnoea are obstructive sleep apnoea (obstructive sleep apnea
(OSA)), central sleep apnoea, and compound sleep apnoea,
of which OSA is the most common and can be treated or
suppressed by proper sleep posture [13]. Sleeping postures
usually include supine, left side, right side, and prone. During
sleep, lying on the back tends to cause a partial or complete
collapse of the upper airway, thus leading to airway obstruction
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TABLE I
NONCONTACT MONITORING METHODS

and snoring, while lying prone increases the pressure on the
heart and lungs, thus leading to poor sleep quality, both of
which can be alleviated and suppressed by lying on the side.
The apnea-hypopnea index (AHI), defined as the total number
of complete and partial upper airway obstructions per hour,
is used to characterize the severity of OSA. Severity was
categorized into 4 categories based on AHI values: normal
(AHI < 5); mild (5 ≤ AHI < 15); moderate (15 ≤ AHI <
30); and severe (AHI ≥ 30). In mild snoring, episodic snoring
is most common, whereas in moderate or severe snoring,
persistent snoring is likely to occur. Autonomic changes and
sleep-disordered breathing (SDB) in different sleep stages can
be characterized by HRV, in addition to stress, fatigue, and
emotions [14], [15], [16], [17].

Currently, the gold standard technique for assessing sleep
quality is PSG, which is a combination of electroencephalog-
raphy (EEG), electrocardiography (ECG), electrooculography
(electrooculogram (EOG)), and electromyography (elec-
tromyogram (EMG)) [18], [19]. EEG signals can be classified
into five categories according to frequency bands: δ-waves
(0.5–4 Hz), θ -waves (4–8 Hz), α-waves (8–14 Hz), β-waves
(14–30 Hz), and γ -waves (30–64 Hz) [20], [21]. δ waves are
generally seen in states of deep sleep, extreme fatigue, deep
anesthesia, and hypoxia, and are highly visible in the frontal
and occipital lobes. θ waves are generally seen in states
of deep sleep, drowsiness, and depression, indicating central
nervous system (CNS) suppression, which is highly visible
in the frontal and parietal lobes. α waves are often seen in
states of light sleep and relaxation, and are highly visible in
the frontal, occipital, and parietal lobes. β waves are often
seen in eye-opening, tense, excited, or thinking states, and are
evident in the frontal and parietal lobes. γ waves are often
seen in high-pressure, high-stimulus, and high-anxiety states,
and are evident in the frontal and parietal lobes. Based on the
changes in the five brain waves, combined with the heart rate,
HRV, respiratory rate, snoring event, body movement, muscle
movement, and sleeping posture detected by PSG, indicators,
such as sleep stage and sleep quality can be analyzed and
obtained. Given that PSG bioelectrical monitoring systems are
uncomfortable to wear and their sleep monitoring is time-
consuming and expensive, it is difficult to promote their
use. Given the importance of sleep monitoring, more and
more research organizations have invested a lot of research
and proposed nonbioelectrical monitoring methods, including
contact and noncontact monitoring methods.

For noncontact monitoring methods, cameras, RF sensors,
WiFi, or microphone solutions are often used, and the sleep
parameters that they could capture are shown in Table I,
respectively. Sensors, sleep parameters, and accuracy used in

Fig. 1. Sleep monitoring methods.

related studies are demonstrated in Table II. Optical cameras,
infrared cameras, and depth cameras can be used to detect
respiration rate and sleep posture, but they are unable to
monitor heart rate and sleep stages and can raise serious
privacy concerns [22], [23], [24]. In addition, Doppler radar,
frequency-modulated continuous wave (FMCW), impulse
radio ultrawideband (IR-UWB), and millimeter-wave radar
sensors can be used to detect heart rate, HRV, and respiratory
rate, but they are very expensive and the results are susceptible
to interference from the presence of multiple people in the
same space [25], [26], [27], [28], [29]. While the WiFi
transmitter and receiver can be used to detect respiration rate
and sleep posture during sleep [30], [31], they are unable to
monitor heart rate and HRV, making it difficult to accurately
identify sleep stages. Microphones are commonly used to
monitor snoring events and can be integrated into smartphones
or pillows because of their small size and low cost [32], [33],
however, monitoring by a single sensor can be easily inter-
fered with by noise in the environment, and microphones
are unable to detect vital signs and sleep states. Given the
shortcomings of noncontact detection methods, most current
sleep monitoring methods utilize contact monitoring methods,
where contact monitoring methods can be further categorized
into wearable and nonwearable monitoring methods, as shown
in Fig. 1.

For wearable monitoring methods, ultrasound sensors,
piezoelectric sensors, micro-electro-mechanical systems
(MEMSs) inertial measurement units (IMUs), MEMS
accelerometers, or MEMS gyroscope solutions are often
used. Ultrasound sensors or piezoelectric sensors can be
used to detect OSA events [34], [35], but users wearing
sensor probes around their necks can be uncomfortable, and
rolling over or sweating may also affect detection accuracy.
Sleep quality is related to sleep movements, hence, smart
bracelets, wristbands, or chest bands consisting of MEMS
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TABLE II
SENSORS, SLEEP PARAMETERS, AND ACCURACIES OF THE RELATED STUDIES

IMUs, accelerometers, or gyroscopes can be used to collect
sleeping postures and sleep data [36], [37], [38]. However, it
is uncomfortable for the user to wear these devices all night

long, and in the case of bracelets and wristbands, it is difficult
to accurately recognize the different sleep stages based on the
movement of the hand alone. For nonbioelectrical monitoring
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methods, cardiac mechanics-based sleep monitoring methods
are often used today, including ballistocardiograph (BCG),
seismocardiography (SCG), and gyrocardiography (GCG).
The BCG measures the whole-body recoil or ballistic force as
blood is ejected from the aorta into the vascular tree [39], [40],
the SCG measures the 3-D linear acceleration induced by
cardiac vibration in the chest [41], [42], and the GCG
measures the 3-D angular rate induced by cardiac vibration
using a gyroscope mounted on the chest [43], [44]. SCG
and GCG generally measure localized vibration in the chest
through inertial sensors worn on the chest [45], [46], and
wearing the products often leads to discomfort for the
user, whereas BCG is a nonwearable, contact-monitoring
method, which is widely adopted as it generally does not
require any products to be worn to measure the overall
vibration of the human body in order to determine sleep
quality.

For BCG nonwearable monitoring methods, mechanical
vibrations caused by the opening and closing of heart valves
can be captured by piezoelectric ceramic sensors, pressure
sensors, piezoelectric thin-film sensors, fiber-optic strain sen-
sors, MEMS IMUs, accelerometers, or gyroscopes, which
can be integrated into chairs, pillows, bedsheets, mattresses,
or beds and which have unobtrusive designs that are more
comfortable to use. Piezoelectric ceramic sensors mounted in
the cavity of memory foam pillows can also be used for sleep
monitoring [47], but the cost of the pillows is also high, and the
circuit boards and batteries mounted in the pillows dissipate
heat poorly and with a high-risk factor. Pressure sensor arrays
embedded in sheets, mattresses, or beds can monitor respira-
tory rate and sleep posture [48], [49], [50] with high detection
accuracy, but it is difficult to accurately measure heart rate and
HRV, and the product is both complex and expensive. Flexible
materials, such as polyvinylidene fluoride film (PVDF) or elec-
tromechanical film (EMF) are usually embedded in mattresses
or monitoring belts for monitoring heart rate, HRV, respiratory
rate, body movements, and sleep stages [51], [52], [53]. Their
detection sensitivities are very high, but their costs are also
high. Similarly, fiber optic interferometry and laser blood
flowmeters embedded in mattresses or monitoring tapes can
be used for sleep monitoring [54], [55], [56], and despite the
improved accuracy, they are much more costly and complex
to manufacture than either of their predecessors. In order to
reduce the cost, MEMS IMUs, accelerometers, or gyroscopes
have been gradually used for BCG sleep monitoring in recent
years, and they are also usually embedded in mattresses or
monitoring belts [57], [58], which have a high accuracy in
detecting heart rate, respiratory rate, and body movements, but
the accuracy in detecting HRV, snoring, and sleeping posture
has not been reported.

In summary, it is usually difficult for a single sensor to
simultaneously detect parameters, such as in-and-out-of-bed
state, heart rate, HRV, respiratory rate, snoring event, body
movement, and sleep stage, which also tends to lead to
misclassification. Therefore, in order to improve accuracy,
multisensor fusion (e.g., fusion of IMUs and flexible pressure
sensors [59], [60]) for sleep monitoring is a future trend.

B. Multidimensional Sleep Parameter Recognition
Techniques

The process of recognizing parameters, such as in-and-out-
of-bed state, heart rate, HRV, respiratory rate, snoring event,
body movements, and sleep stages consists of two main parts,
i.e., feature extraction and pattern recognition, as shown in
Fig. 2. There have been comprehensive analyzes and discus-
sions of artificial intelligence algorithms for sleep staging [61],
but not about pattern recognition of sleep parameters.

In terms of feature extraction, since the vibration or sound
signals detected by the sensors are usually very weak, they
need to be filtered and amplified during the data acquisition
process, which is generally carried out by using infinite
impulse response (IIR) filters for high-pass, low-pass, band-
pass, or band-stop filtering, and then the filtered data are
subjected to feature extraction. There are more methods for
feature extraction, and for vibration signals, time-frequency
analysis, statistical analysis (e.g., mean, variance, standard
deviation, maximum, minimum, median, and plurality), and
principal component analysis (PCA) methods are usually used
for feature extraction. For acoustic signals, feature extraction
is usually performed using over-zero rate, energy [62], energy
entropy, spectral center of mass, spectral bandwidth, spectral
entropy, spectral flux, empirical mode decomposition, mel-
frequency cepstral coefficients (MFCC) [63], [64], discrete
wavelet transform [65], denoising autoencoder technique,
gamma pitch frequency cepstrum coefficients, and improved
MFCC [66], [67] methods. Since sensor fusion is used for
detection, the feature extraction method also needs to incor-
porate multiple feature extraction algorithms to improve the
accuracy of subsequent pattern recognition.

For pattern recognition, take snoring recognition as an
example, considering the variety of sound signals in life,
including speaking, coughing, snoring, popping, wheezing,
asthma, music, animal calls, environmental noise, etc. [68],
therefore, in order to accurately distinguish snoring from other
sounds, AI-based pattern recognition is essential. Regarding
the intelligent recognition of snoring, various methods have
been reported at home and abroad in recent years, such as sup-
port vector machine (SVM) [69], random forest [70], ResNet,
ResNet-18, ResNet-50, long–short-term memory (LSTM),
multibranch deep learning network, and integrated deep learn-
ing network [71]. In addition, some combined models, such
as convolutional neural networks (CNNs) fused with recur-
rent neural networks (RNNs) [72] and deep neural networks
(DNNs) fused with LSTM [73], have also been reported. All of
these intelligent recognition-based methods achieve about 95%
detection accuracy, but the implementation of these algorithms
is very complex and difficult to implement in a local micro-
programmed control unit (MCU), which limits the promotion
of real-time snoring detection for home applications. Even if
these algorithms can be implemented on cloud servers, remote
data transfer and processing are very time-consuming, costly,
and unreliable, making Internet of Things (IoT) edge com-
puting imperative. Although some lightweight convolutional
networks [74], [75] have been reported, their architectures are
still complex and difficult to implement at the edge. Although
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Fig. 2. Sleep parameter recognition techniques.

FPGA chips can be used to implement AI (e.g., CNN-LSTM)
processors, their cost and power consumption are very high
and therefore also unsuitable for low-cost IoT systems [76].
In addition to machine learning, similarity analysis can also
be applied to sound analysis, which is simple to implement
but does not have high recognition accuracy [77], [78]. The
combination of machine learning and algorithms, such as
similarity analysis is the trend, considering factors such as cost
and complexity of IoT edge computing. In addition, to ensure
data security and legitimacy, data analytics algorithms need
to consider incorporating blockchain technique to protect user
privacy [79].

Similarly, for sleep stage and posture recognition, artificial
intelligence-based pattern recognition methods are commonly
used. There are two main types of classifiers available, namely,
image signal-based classifiers and vital signs-based classifiers.
For image signal-based classifiers, image data obtained from

optical, thermal, depth, or pressure sensing arrays is fed into
the classifier to recognize sleep stages and postures. SVM,
ResNet, CNN, and hidden Markov model (HMM) were used
for the recognition, and the detection accuracy ranged from
83.0% to 99.8% [80], [81], [82]. Image-based classifiers have
high detection accuracy, especially for deep learning models,
but are expensive to implement and difficult to implement
on edge processors. For the vital sign-based classifier, the
vital sign data collected by devices, such as EEG, ECG,
BCG, SCG, or GCG is fed into the classifier to recognize the
sleep stages and postures. After preprocessing the vital sign
signals, k-nearest neighbor (KNN), plain Bayesian (NB), K-
mean clustering, decision tree (DT), swin transformer (ST),
SVM, and CNN are used for the recognition, with detec-
tion accuracies ranging between 80.8% and 99.67% [83],
[84], [85], [86], [87], [88]. In the latest research advances,
sleep cycle classifiers based on EEG or PSG signals use
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Fig. 3. Sleep-aid intervention methods.

Mamba-based deep learning models, but it is not yet conclu-
sive whether these models can be used on edge-embedded
devices [89], [90], [91]. Vital sign-based classifiers have
higher detection accuracy, even with simple machine learning
models.

Therefore, in order to implement sleep stage and posture
recognition in low-cost edge processors, the trend is to
use minimalist machine learning models or ultralightweight
convolutional models to analyze vital sign signals.

III. SLEEP-AID INTERVENTION

Sleep-aid techniques can be categorized into physical sleep-
aid techniques, medical sleep-aid techniques, and microneedle
sleep-aid techniques, as shown in Fig. 3, and details of these
three techniques are described, respectively, in this section.

A. Physical Sleep-Aid Techniques

Brain waves and HRV are commonly used to assess
sleep or assisted sleep states. Brain waves include δ, θ , α,

and β waves, which indicate the different characteristics of
sleep stages [20], [92], [93]. θ -waves (4–8 Hz) and α-waves
(8–14 Hz) are usually present in the first stage of sleep; in the
second stage, the amplitude of the EEG signal increases and
θ -waves are more prominent; in the third stage, θ - and δ-waves
(0.5–4 Hz) are more pronounced; β-waves (14–30 Hz) are
more predominant in the REM and wakefulness phases. In
general, sleep and the effectiveness of sleep aids can be deter-
mined based on the energy of alpha waves. The phenomenon
of attenuation and disappearance of alpha waves is considered
to be a universal pattern that has been shown to occur more
readily at higher levels of sleep, signaling entry into sleep [94].
It can be detected during eye closure and used as an indicator
of the current level of drowsiness, such as sleep onset or
relaxed wakefulness [95]. In addition, the alpha frequency of
insomniacs bounced back to wakefulness levels, whereas that
of healthy individuals remained at short-wakefulness levels
after sleep onset. Reduced presleep alpha wave variability may
indicate dysfunction of alpha wave generation mechanisms
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TABLE III
SLEEP-AID INTERVENTION METHODS AND EFFECTS

in insomnia [21]. If the power spectral density of α-waves
gradually increases at the onset of sleep, it means that the
sleep stage is entering light sleep. Therefore, inducing the
production of α-waves is an effective sleep aid.

In terms of cardiac evaluation, HRV is often used to
understand autonomic changes during different sleep stages.
It is also used to understand the effects of SDB and insomnia
on sleep and daytime [14], [96]. HRV can also be used to
monitor the effects of continuous positive airway pressure
ventilation (CPAP) and to assess sleep quality [83]. In addition,
slow-wave sleep (SWS) plays an important role in neurophys-
iological phenomena and can also be detected and assessed by
HRV [17], [97]. In conclusion, HRV is suitable for assessing
the feasibility of assisted sleep methods.

Currently, sleep aids are receiving more and more atten-
tion, and corresponding research results are gradually being
reported as shown in Table III. Among them, exercise,
aromatherapy, sound therapy, magnetic therapy, and elec-
trotherapy are popular. Among them, exercise mainly includes
exercise drills, yoga [98], [99], sound mainly includes double-
beat music, brainwave music, white noise [100], [101], [102],
and aroma includes oil of laughter, essential oil [103], [104],
which have a certain effect of sleep aid but mainly have
an auxiliary effect. Common medical-grade physical inter-
ventions mainly include transcranial magnetic stimulation
(TMS), transcranial electrical stimulation (TES), and acupunc-
ture [105], [106], [107], which regulate wakefulness and sleep

through the cortical-hypothalamic top-down sleep-wakefulness
regulatory pathway and are more effective in aiding sleep.
TMS devices are very expensive and generally can only be
used in hospitals. Comparatively speaking, transcranial elec-
trical stimulators are less costly and more suitable for home
use as a sleep aid. It has been found that both high-frequency
(> 50 Hz) and low-frequency (<10 Hz) current stimulation can
promote sleep [108], [109], but there is no specific frequency
that should be used for sleep regulation. Furthermore, the
electrodes of the transcranial electrical stimulators are mostly
flat, with different contact impedances for different skins,
and larger impedances will affect the effect of electrical
stimulation. Acupuncture requires a high degree of skill, relies
on a wealth of experience to find the right acupuncture points,
and generally requires a specialized physician to complete.

Michelia essential oil reduces the level of alertness observed
through β wave decreases and increases in rapid α wave activ-
ity [103], and it has a calming effect on human brain responses
suitable for sleep induction. However, musical stimulation is
statistically more effective as a sleep aid than aromatherapy
stimulation [110]. Music can affect brain waves, such as alpha
waves, and it could stimulate strong emotions [111]. When we
hear two pitched sound beats in each ear at the same time, a
binaural beat is created that induces brain signals at a specific
desired frequency. Auditory stimulation induces brain signals
needed for sleep while keeping the user mentally comfort-
able [100]. In addition, SWS brainwave music may have a
positive effect on sleep quality, whereas REM brainwave music
or white or pink noise may not accomplish this [101]. Music
at 432 Hz had some significant sedative effects, as evidenced
by increased alpha wave activity without any effect on sleep
latency for daytime napping [112].

The effects of radiofrequency electromagnetic fields (RF-
EMF) on sleep are heterogeneous. Observed changes suggest a
sleep-promoting effect of RF-EMF exposure [113]. However,
the limitation is that these results cannot be generalized to men
and women of all ages. Exposure to very slow EMFs does not
show any sleep-disrupting effect; on the contrary, it promotes
sleep because the total duration of sleep is increased [114].
Melatonin is a circadian hormone that plays an important role
in the sleep process. However, melatonin secretion decreases
with age, which causes more people to suffer from insomnia.
Fortunately, melatonin secretion and sleep architecture may
be regulated by EMF [115], [116]. It is claimed that an
electromagnetic field equivalent to the geomagnetic field can
help one achieve restful and deep sleep; however, there is no
supporting experimental data [117]. Similarly, the microwave
scattering method at a certain frequency can be used for
both noncontact sleep stage detection and sleep disorder
treatment [118]. However, prolonged direct exposure to RF-
EMF is not good, as it can lead to depression, stress, anxiety,
and poor sleep quality [119]. For the diurnal current input case,
when electromagnetic induction and its noise are considered,
wake-up time is delayed and sleep time is advanced [120].
In addition, sleep duration is slightly prolonged by increasing
noise intensity. The SWS stage can be recognized by fusing
temperature, heart rate, and body motion sensors and increased
with electrical stimulation [121]. Transcutaneous electrical
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stimulation therapy is effective in some patients with OSA,
but it has not been shown whether it aids sleep [122].

In this section, the current state of research on physical
sleep aid methods, including exercise therapy, aromather-
apy, sound therapy, magnetic therapy, and electrotherapy,
is systematically reviewed, and their effectiveness, mech-
anisms, and applicability are critically evaluated. Overall,
physical sleep aids have emerged as important interventions
for improving sleep due to their nondrug dependence, low
invasiveness and favorable user acceptance, but significant
differences exist between methods in terms of strength of sci-
entific evidence, individual difference response and long-term
effects.

B. Pharmacological Sleep-Aid Techniques

When it comes to professional pharmacological sleep
aids, Western medicine, TCM, psychological treatment, and
Chinese psychological treatment are the most commonly used
technical solutions. Despite the combination of other nonphar-
macological therapies in the technological program of Western
medicine for the treatment of insomnia, the key techniques
are still dominated by psychotropic medicine [123]. Western
medicine mainly include benzodiazepine receptor agonists
(BZRAs) and nonbenzodiazepine hypnotic medicine (non-
BZDs), antidepressants with a hypnotic effect, antihistamines,
melatonin receptor agonists, new appetitive hormone receptor
antagonists, and so on [124], [125], [126]. Western medicine
is very effective in treating insomnia in the short term, but
its main problem is that with the long-term use of sedative-
hypnotic medicine, side effects are very pronounced [127].
First, it is easy to lead to medicine dependence, withdrawal
of insomnia symptoms that recur or are worse than before,
and emotional and psychological problems; second, it is
easy to cause drug resistance and poor adherence, from a
single drug treatment upgraded to a combination of several
medicine and even forced the development of new medicine,
increasing treatment costs. At present, Western medicine have
no effective solution to this.

TCM is more effective in aiding sleep because it system-
atically regulates the balance of yin and yang in insomnia
patients from the root. Commonly used Chinese herbs for
sleep aids include ziziphi spinosae semen (Suan Zao Ren),
polygonum multiflorum (Shou Wu Teng), polygala tenuifolia
(Yuan Zhi), nelumbo nucifera (Lian Zi), wolfiporia cocos (Fu
Shen), schisandra chinensis (Wu Wei Zi), etc. [128]. Studies
have shown that ziziphi spinosae semen and polygalae radix
can alleviate insomnia in mice by attenuating pathological
changes in the brain and restoring abnormal levels of neu-
rotransmitters, endocrine hormones, and cytokines [129]. In
terms of safety, all herbal therapies showed nonsignificant or
lower differences in the risk of gastrointestinal reactions and
dizziness events compared to Western drugs or placebo [130].
Although herbal medicines have fewer side effects, boiling
them is a complicated process, and drinking them is an even
more painful experience.

The technical solutions for the treatment of insomnia in
Chinese medicine, at present, clinically, are mainly to take

acupuncture or TCM modality [131], [132], with some TCM
appropriate treatment techniques, such as TCM five sound
therapy, TCM emotion and spirit phase victory therapy, and
TCM acupuncture point buried line therapy. The short-term
therapeutic effect of TCM is inferior to that of Western
medicine, but its treatment emphasizes the systematic reg-
ulation of the balance of yin and yang, so the long-term
therapeutic effect is relatively good and the side effects are
low. However, its main problem is that it is effective for
patients with simple or transient insomnia, but for the majority
of patients with psychosomatic or prolonged insomnia, it is
still ineffective and prone to relapse, etc. The main problem
is that it is not effective for the majority of patients with
insomnia.

The key techniques of the technical program of psy-
chological treatment are cognitive behavioral therapy for
insomnia (CBTI), hypnosis techniques, and positive thinking
meditation [133], [134]. Cognitive-behavioral therapy is now
recognized as the treatment of choice for insomnia disor-
ders [135], [136], [137], and together with positive thinking,
meditation can effectively improve the sleep quality of insom-
nia patients. Although its sleep-aiding effect is also good, it is
mainly used for insomnia caused by psychological problems,
and the CBTI treatment process requires long-term follow-
up treatment by specialized doctors as well as the active
participation of patients, making it difficult to promote.

The technical program of TCM psychological treatment is
mainly rooted in TCM and was proposed in the 1980s. Due
to the integration of TCM theory and psychology theory, its
sleep-aiding effect is more obvious [138]. However, its main
problem is that TCM psychologists mostly focus on the theo-
retical study of TCM psychology but less on clinical research.
Most scholars of TCM psychology are confined to acupuncture
and medicine, and at present, there are fewer applications
of TCM sound therapy and TCM emotion and spirit phase-
winning therapy to the clinical treatment of insomnia, which
are similar to modern CBTI but lack the deep theoretical
organization of the cognitive system, and the clinical efficacy
is often unsatisfactory.

Therefore, it is necessary to develop modernized and tech-
nologized TCM psychotherapy, which is rooted in Chinese
culture and TCM, picks up the nutrients of modern psychology
and modern psychological techniques, fits in with Chinese
people’s cultural heritage, thinking structure, cognitive style,
and disease characteristics, and combines with many years of
academic research and clinical observation to put forward new
Chinese local sleep control techniques that are suitable for the
characteristics of the largest number of Chinese people who
suffer from insomnia. In this regard, Wang Weidong, Vice
President of Guang’anmen Hospital of the China Academy of
TCM and Professor at Beijing University of TCM, put forward
a set of systematic low-impedance ideas for the introduction of
sleep regulation techniques called TIPI, which is based on the
Three Divine Principles of TCM and supplemented by TCM
needles and medicines [139], [140], [141]. The techniques
invoke the structure of the TCM discipline system, both the
nonpharmacological therapy of TCM to cure the root cause
and the TCM acupuncture and pharmacological therapy to save
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the waste, which can effectively avoid the shortcomings of
Western drug therapy, psychology, CBTI therapy, and other
techniques.

Usually, the effect of a single sleep aid is limited, so the
integration of multiple sleep-aid methods is the development
trend [142]. The above analysis shows that TCM is a better
pharmacological sleep aid, acupuncture and transcranial cur-
rent stimulation are better nonpharmacological sleep aids, and
the combination of the three will achieve a better sleep-aid
effect; however, there are some shortcomings of all three at
present. In response to these shortcomings, in recent years,
Peking University has proposed dissolvable microneedle drug
delivery techniques and metal microneedle brain-computer
interface electrodes [143], [144], which can simultaneously
solve the above problems of TCM, acupuncture, and elec-
trical stimulation to help sleep. Given that the dissolvable
microneedle sleep aid and the metal microneedle transcuta-
neous electrical stimulation sleep aid programs integrate the
advantages of TCM, acupoint acupuncture, and TES sleep aids
and avoid their disadvantages, they are highly promising sleep-
aid programs.

In this section, four major directions of medical sleep
aids: Western medicine treatment, Chinese medicine treat-
ment, psychology treatment and Chinese medicine psychology
treatment—are systematically sorted out, and their mecha-
nisms of action, clinical effects and applicable populations
are comprehensively evaluated. Medical sleep aids occupy a
central position in the intervention of sleep disorders, but there
are significant differences in the theoretical basis, evidence of
efficacy and individualized application of different methods.

C. Microneedle Sleep-Aid Techniques

1) Mechanism and Theoretical Model of Microneedle Sleep
Aids: To achieve an efficient sleep aid, the mechanism of
action must first be clarified. Considering that appropriate
acupoint acupuncture has a positive effect on the sleep quality
of insomnia patients, it is very important to choose the acu-
points to be stimulated. Reference [1], Zhao et al. [107], and
Yin et al. [146] pointed out that for traditional acupuncture for
sleep, the commonly used acupoints are Anmian, Sishencong,
Yintang, Baihui, Shenting, Shenmen, Sanyinjiao, and Neiguan.
Stimulating Anmian, Sishencong, Yintang, Baihui, and other
acupoints has the effect of promoting sleep and regulat-
ing mood, and can also improve depression and anxiety.
Stimulating Shenting, Shenmen, Sanyinjiao, and Neiguan can
harmonize yin and yang and calm the mind, thus improv-
ing sleep. Traditional acupuncture needles are usually long,
centimeter scale, and only one needle is applied to each
acupoint, but the micro-needle patch is usually an array
structure, and each patch usually has dozens or hundreds of
needles, and the length of the needles is 100 micrometers or
millimeters, so whether it is a soluble micro-needle or a metal
micro-needle, the sleep-aiding mechanism is different from
that of traditional acupuncture, and the method of selecting
acupoints for micro-needle acupuncture is also different, but
the relevant research has rarely been reported at home and
abroad. However, there is little research on this topic at home

and abroad. In addition, most of the current studies qualita-
tively analyze the mechanism of sleep-aiding by acupuncture
from the theory of TCM but not quantitatively from the
theory of neuroscience, and the mechanism of the effect
of soluble microneedle administration and metal micronee-
dle electrical stimulation on the nervous system is not yet
known.

The skin has been considered an attractive site for drug
delivery [147] because it avoids first-pass metabolism in the
liver and enzymatic degradation in the gastrointestinal tract.
However, the stratum corneum of the skin limits the efficiency
of transdermal drug delivery, hence, a soluble microneedle is
needed to improve drug delivery efficiency [148]. After the
drug-loaded dissolvable microneedles penetrate the stratum
corneum of the skin to reach the dermis, the drug is gradually
released from the encapsulated matrix [149], thus greatly
improving the ease and efficiency of drug delivery. There are
four main types of microneedles: hollow microneedles, coated
microneedles, soluble microneedles, and solid micronee-
dles [150], where soluble microneedles are usually composed
of biodegradable polymers, such as carboxymethylcellu-
lose, polyvinylpyrrolidone, polyvinylalcohol, and hyaluronic
acid [151], and solid microneedles mainly include silicone
microneedles, hydrogel microneedles, and metal micronee-
dles. Since the microneedle patch is an array structure, it
reduces the requirement for acupoint localization and avoids
the heavy reliance on experience in traditional acupuncture.
The dissolvable microneedle drug delivery technique avoids
the painful process of boiling and drinking Chinese herbs,
and the metal microneedles reduce the impedance of skin
contact, thus improving the effect of electrical stimulation.
Therefore, dissolvable microneedle drug delivery and metal
microneedle electrical stimulation are becoming increasingly
popular. The interaction between soluble microneedles and
skin is a very complex process due to mechanical nonlinearity,
scale effect, and heat transfer effect. Although there are more
studies on the processing, functional properties, and test effects
of soluble microneedles, there are very few studies on the
microneedle-skin mechanical interaction model, drug delivery
model, and related numerical simulation methods, which have
been reported less frequently [152].

2) Microneedle Design Methods: The design of sleep-aid
microneedles includes the design of sleep-aid drug and matrix
formulations, the design of herbal active ingredient extraction
methods, the design of microneedle size and structure, and
the design of microneedle reliability and manufacturability. In
terms of the design of sleep-aid drug and matrix formulations
for dissolvable microneedles, as well as the design of extrac-
tion methods for the active ingredients of TCMs, Qi et al. [153]
developed a dissolvable microneedle patch prepared from
proline, melatonin, and serotonin, and in vivo experiments in
rats showed that the microneedle patches released medicine
into the body through the skin and maintained a high con-
centration. Zhu et al. [154] proposed a microneedle patch
formulation of armodafinil, and after treating sleep-deprived
mice with this microneedle patch, in vivo pharmacological
studies demonstrated that the patch eliminated the effects
of sleep deprivation. However, due to the limited effect of
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melatonin in adults and the fact that armodafinil is an addictive
prescription drug [124], [125], [126], there are limitations to
these Western drug-soluble microneedles, and there is a need
to investigate herbal drug-soluble microneedles. At present,
the medicine contained in soluble microneedles reported at
home and abroad are mainly based on one or more kinds
of monomer Western medicine, and soluble microneedles of
TCM for sleep aid have not been reported. Although in recent
years, soluble microneedles of TCM for the treatment of
dermatological diseases have gradually appeared [155], [156],
the relevant studies are also relatively simple, and the medicine
contained in the microneedles are one or two active ingredients
of traditional Chinese medicinal herbs. However, Chinese
medicine emphasizes the systematic regulation of the balance
of yin and yang, and the efficacy of each Chinese herbal
medicine is not derived from one or two active ingredients
but from the superposition of multiple active ingredients (i.e.,
compounding). Therefore, how to efficiently extract multiple
active ingredients from Chinese herbal medicines and remove
ineffective ingredients is a very challenging problem. In
addition, the parameter design of sleep-aid herbal compounds
and dissolvable microneedle formulations for microneedles is
extremely challenging because the microneedle drug-carrying
capacity is very limited, unlike traditional sleep-aid herbal
compounds [128], [157].

In terms of the design of microneedle size and struc-
ture, as well as microneedle reliability and manufacturability,
Xiu et al. [158] identified the parameters of dissolvable
microneedles, such as shape, needle length, spacing, and tip
radius, as the key factors affecting microneedle drug delivery.
Microneedles that are too short cannot penetrate the stratum
corneum, but microneedles that are too long increase the risk
of nerve contact leading to pain or puncturing capillaries
leading to bleeding. A microneedle with an L/D ratio that is
too low affects its depth of penetration into the skin; too high
reduces the mechanical properties of the microneedle; and the
L/D ratio determines the volume of the microneedle, which
affects the drug-carrying capacity. Increasing the microneedle
spacing is more favorable for skin penetration, but the number
of needles in a microneedle array with a large spacing under
the same area is less, and the drug-carrying capacity is smaller.
The smaller the tip radius, the smaller the contact area, and
the lower the skin penetration force, but also the lower the
mechanical strength of the tip, which is prone to buckling.
Amiri and Vahidi [159] performed a 3-D simulation of the
skin pricking process and calculated the depth of pricking for
different times and velocities. Radhika and Gnanavel [160]
performed a buckling analysis of dissolvable microneedles to
find out the critical buckling load by simulating the buckling of
the microneedles. He et al. [161] proposed a herbal dissolvable
microneedle and further investigated the mechanical modeling
of microneedle penetration and the sleep aid effect, which
showed that the microneedle could penetrate the superficial
layers of the skin and that the ratio of low-frequency brainwave
energy to high-frequency brainwave energy of the subjects
was significantly elevated. However, the current parameter
design studies are still not systematic enough, especially for
the soluble microneedles of TCM, and the related parameter

design studies are even less. The studies on analyzing and
designing the parameters of microneedles, such as shape,
needle length, spacing, and tip radius, by comprehensively
considering the feasibility of process manufacturing, the drug
loading capacity of TCMs, the drug delivery efficiency, and
the reliability of microneedles are almost blank and very chal-
lenging. In addition, for metal microneedles, current research
focuses on metal microneedle processing techniques for flex-
ible substrates [162], [163], with less research on processing
methods for solid metal microneedles [144], and there is a
virtual void of research on the reliability of metal microneedles
in the use environment of skin oils and perspiration, which is
key to the performance of the skin interface.

3) Microneedle Sleep-Aid Control Methods: Microneedle’s
sleep-aid control methods include the detection and evaluation
of sleep-aid effects and sleep-aid closed-loop control methods.
In the detection and evaluation of the sleep-aid effect, the
current gold standard is PSG, which is a combination of EEG,
ECG, EOG, and EMG [164], and it has a high degree of
accuracy. However, dozens of electrodes need to be worn
by the patient during sleep monitoring, and the process of
wearing electrodes is very troublesome and time-consuming.
Polylinking has a certain impact on sleep itself, and the
unconscious movement during sleep may lead to part of the
electrodes falling off, which affects the measurement results.
Due to the problems of PSG, such as expensive equipment,
uncomfortable wearing, and nonportability, low-cost portable
EEG monitoring devices for home use have appeared in recent
years [164], [165], which have only a few leads, or even a
single lead, and are mainly based on TI’s (Texas Instruments)
bioelectricity acquisition chip solutions. However, TI’s chip
solution is not optimal, considering that the EEG signal is
extremely weak, only a few microvolts, so noise analysis
and circuit optimization are needed to improve the detection
accuracy, but there is a lack of relevant research reports. In
addition, a large number of studies on sleep stage classification
are currently conducted at home and abroad, ranging from
multilead to single-lead EEG, and the reported deep learning
classification models are more complex and have higher
detection accuracy [61], [166]. However, fewer studies have
been reported on lightweight classification models that can be
computed at the edge of an embedded chip.

In terms of closed-loop control methods for sleep aids,
Zhang et al. [167] noted that transcutaneous electrical stimu-
lation of acupoints can improve sleep quality and increase the
duration of SWS. Zhao et al. [168] stated that transcutaneous
electrical stimulation of cranial ear acupoints can regulate
signal propagation in the vagus and trigeminal nerves, thus
regulating the CNS and improving insomnia. Kim et al. [169]
noted that transcutaneous trigeminal electrical stimulation sta-
bilizes overactive sympathetic nerves, thereby improving sleep
quality in patients with insomnia. Zhou et al. [108] showed
that transcutaneous electrical nerve stimulation affects mela-
tonin secretion, which regulates and improves the sleep-wake
cycle. It can be seen that appropriate electrical stimulation of
acupoints is beneficial to sleep aids; however, the currently
reported electrical stimulation protocols are all open-loop
control protocols, which use electrical stimulation of fixed
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duration and intensity with no closed-loop feedback during
the stimulation process. The sleep-aiding effects of electrical
stimulation signals with different pulse widths, different peaks,
and different frequencies are different, but there is a lack
of relevant studies. In addition, Chinese medicine soluble
microneedle sleep aid and metal microneedle transcutaneous
electrical stimulation sleep aid are highly potential sleep-
aid programs; however, there is currently a gap between
domestic and international studies on Chinese medicine solu-
ble microneedle sleep aid, metal microneedle transcutaneous
electrical stimulation sleep aid, and the integration of the two
sleep aids.

In summary, microneedle sleep aid technology is an emerg-
ing, nondrug-dependent sleep intervention method, which
centers on the delivery of sleep aid active ingredients (e.g.,
melatonin, plant extracts) or transcutaneous stimulation of
neuromodulatory signals via micrometer-sized needles (usu-
ally dissolvable or degradable) to improve sleep quality.
However, the research in this field is still in the preliminary
exploration stage, and there is almost a gap in the systematic
research of related theoretical models, design methods, and
control strategies, which urgently requires interdisciplinary
cooperation to promote its development.

IV. CONCLUSION

This article utilizes expertise in neuroscience, clinical
medicine, biomedical engineering, computer science, mobile
health, and human–computer interaction to discuss sleep
monitoring and sleep-aid techniques from an interdisciplinary
perspective. The principles of state-of-the-art sleep monitor-
ing techniques, multidimensional sleep parameter recognition
techniques, and physical, medical, and microneedle sleep-
aid techniques are presented. In addition, the advantages and
limitations of these techniques are discussed, as well as the
opportunities and challenges of emerging techniques. The
main conclusions are as follows.

It is usually difficult for a single sensor to simultaneously
detect parameters, such as in-and-out-of-bed state, heart rate,
HRV, respiration rate, snoring, body movement, and sleep
stage, which also tends to lead to misjudgment. Therefore, to
improve accuracy, multisensor fusion (e.g., IMU and flexible
pressure sensor fusion) for sleep monitoring is a future trend.
In the future, in-depth exploration and research are needed
to improve the accuracy and comfort of sleep monitoring. In
terms of sleep parameter recognition, in-depth exploration and
research are needed in the future to improve the accuracy
of sleep monitoring parameter recognition and reduce the
difficulty and cost of algorithm implementation. From the
point of view of research status and development dynamics,
sleep problems at home and abroad are becoming more and
more serious, but there is a lack of low-cost, comfortable,
and effective home sleep monitoring products. The related
research on sensor detection and sleep parameter recognition
techniques is relatively fragmented, and there is a need for
more systematic and in-depth research in the future.

For sleep-aid intervention, from the perspective of research
status and development, the combination of TCM soluble

microneedle sleep aid and metal microneedle transcutaneous
electrical stimulation sleep aid is the trend of future develop-
ment, with great potential. However, at present, research on
the relevant theories and methods is relatively fragmented. In
the future, there is a need for more systematic and in-depth
research on the theoretical model of the microneedle sleep
mechanism, the microneedle design method, and the sleep
control method. Besides, the integration of multiple sleep inter-
vention methods is also a trend in technological development.

Although this article provides a comprehensive technical
review, it still suffers from the following shortcomings: it
focuses on the English literature of the last 5 years, with
insufficient inclusion of non-English-speaking countries (e.g.,
Japanese and Korean traditional medicine studies). The con-
clusions of the multisensor error analysis and the effect of
microneedling on sleep are based on theoretical derivation and
lack independent experimental validation. Data privacy (e.g.,
the risk of cloud storage of sleep EEG) and long-term use
safety (e.g., cumulative skin damage from microneedling) are
not explored in depth. In the future, we hope that more scholars
will conduct research on the missing directions, especially
the neuromodulatory mechanisms of emerging technologies,
such as microneedling. With the advancement of biosensing,
AI and material science, sleep health management will move
toward precision, personalization, and noninvasiveness, but it
requires academia and industry to work together to promote
more emerging techniques landing and standardization.
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