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Introduction

Pulse is a commonly observed physiological phenomenon that provides crucial
information of the cardiovascular system and other physiological processes (Suguna and
Veerabhadrappa, 2019). Pulse measurement provides a physiological reference for blood
pressure, blood flow, and other physiological tests. Additionally, the pulse wave itself serves
as a valuable indicator of diagnostic information (Khandelwal et al., 2019). Indian Ayurvedic
and Chinese traditional medicines depend on wrist pulse wave signal parameters for
diagnosis of human health and potential diseases. Pulse detection is a simple, quick, and
easy-to-use physiological health indicator, which is critic in many medical applications
(Cheng et al., 2019). However, traditional pulse detection methods are predominantly reliant
on subjective perception and touch by healthcare providers, leading to inaccuracies in
diagnostic outcomes. Pulse and other human characteristics are subject to change over time
and with varying environmental factors. As a result, individual measurements might result in
additional measurement errors (Wang et al., 2015). Modern pulse meters and pulse
oximeters still have limitations. As an example, pulse measuring devices necessitate a
consistent electric power source or battery (Liu et al., 2019), imposing substantial
limitations on their applicability in specific environments or use cases. This ultimately
hampers their mobility and accessibility. Furthermore, the high cost of high-end pulse
measuring devices is not economically viable for specific medical institutions or patient
populations (Liu et al., 2019).

As technology continues to evolve, more precise and objective pulse detection methods
have emerged. In 2012, Wang’s team (Xu et al., 2021) successfully combined the triboelectric
effect and the electrostatic induction principle to create a triboelectric nanogenerator
(TENG) that collects mechanical energy from the environment (Fan et al., 2012). They
affixed PET (Polyethylene terephthalate) and Kapton films, subsequently applying an
electroplated metal electrode layer onto the surface to fabricate a TENG. Subsequent
research by experts and scholars optimized TENG’s structure, materials, and production
process. Further, using flexible printing technology, Meng’s team (Xu et al., 2018a) achieved
the first large-scale TENG production. Additionally, Wang’s team (Meng et al., 2013) used
plasma technology to increase the TENG’s peak power density to 315 w/m2, which improved
its overall performance by almost 25 times and laid a foundation for future TENG theoretical
research by providing a new method to increase the dielectric layer’s charge density (Li et al.,
2023a). Since its invention, TENG based on Maxwell displacement current have shown
explosive growth (Liu et al., 2019), from the basic mechanism research (Meng et al., 2013; He
et al., 2018) to multi-functional practical applications (Wang et al., 2014; Li et al., 2023a).
Due to its exceptional voltage or current responsiveness to vibration, it has emerged as one of
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FIGURE 1
Application of pulse detection device based on AI-TENG in previous reports. (A) The utilization of Triboelectric Nanogenerator (TENG)-based self-
powered sensors finds applications in diverse domains such as biomedicine, the Internet of Things (IoT), and blue energy systems. This information has
been adapted with authorization from the reference cited as (Liu et al., 2020b). (B1) Photographic evidence illustrates the capability of the Self-Powered
Stretchable Electronic Skin for Health Monitoring (SEHT) to energize Light-Emitting Diodes (LEDs) through the process of energy harvesting from
tactile interactions with the wrist-worn SEHT device. (B2)/sc from tapping on thewrist-worn SEHT. (B1,B2) reproducedwith permission from ref (Lv et al.,
2017). (C) Schematic representation depicting the cross-sectional perspective of an individual unit within the Woven Pressure Sensor (WCSPS). (C)
reproduced with permission from ref (Zhang et al., 2013). (D) Rich functions of TENG-based health detection equipment. (D) reproduced with permission
from ref (Wang, 2017). (E) Structure and fabrication of thewoven-structured triboelectric nanogenerator (W-TENG). (F) Structure and electrical outputs of
the W-TENG under nondeformation mode. (E,F) reproduced with permission from ref (Zhou et al., 2014).
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the most auspicious contenders for realizing self-powered systems
(Wang, 2020). TENG offers several advantages such as being
lightweight, low-cost (Liu et al., 2020a), easy to manufacture,
versatile, and having high toughness in comparison to biofuel
cells, thermoelectric devices, electromagnetic, and piezoelectric
generators (Liu et al., 2020b). Moreover, TENG’s friction material
can be almost any existing material, making it suitable for a wide
range of applications (As depicted in A of Figure 1) and solving most
of the problems with current pulse detection devices. In summation,
the realm of pulse detection applications holds significant promise
for the utilization of TENG due to its immense potential (Yu et al.,
2019).

The TENG-based pulse detection sensor is more sensitive
compared to traditional or larger analytical instruments. Upon
contact with the patient’s skin, the TENG sensor detects the
subtle vibrations of the pulse signal (Li et al., 2021a). The
interaction of the friction plate and the electrode during the
contact and separation process facilitates charge transfer,
culminating in the production of an electrical energy signal
originating from these minute vibrations. The generated
electrical signals can be collected and analyzed to derive
characteristic parameters of the pulse signal (Liu et al., 2020c),
including heart rate. Furthermore, the TENG-based pulse
detection sensor is a self-powered induction device with high-
output signal capability (Yang et al., 2015), which facilitates real-
time monitoring and allows for the immediate detection and
monitoring of a patient’s pulse without appointments or queues
(Zou et al., 2019). This attribute holds particular significance in
scenarios requiring emergency and critical monitoring (Xu et al.,
2021).

Nevertheless, all biological sensors inherently encounter
irregular signal noise, presenting a hurdle to precise detection
and analysis. Our study employs machine learning optimization
algorithms and models to enhance the precision and effectiveness of
TENG-based pulse detection sensors (Jiang et al., 2023). TENG
sensor signals often necessitate preliminary processing procedures,
encompassing tasks such as filtering, denoising, and compensation
(Xu et al., 2022). We can leverage machine learning technology to
optimize the parameters of these preprocessing algorithms and
improve the quality and accuracy of the signals (Xiong and Lee,
2019). TENG sensors output a time-series signal, which necessitates
its conversion to a pulse signal via signal processing and
classification algorithms (Lv et al., 2017). Machine learning
technology can aid in designing more precise and robust
classification algorithms, which can enhance signal classification
accuracy (Jiang et al., 2023). Moreover, by meticulously scrutinizing
extensive pulse data and relevant parameters via machine learning,
we can devise a prognostic model adept at discerning pulse
characteristics across varied scenarios (Zhang et al., 2013). This,
in turn, aids medical professionals in enhancing their diagnostic
capabilities and monitoring patients’ wellbeing (Yuan et al., 2021).

Within this paper, we delve into the efficacy of TENG-based
pulse measurement sensors for blood pressure monitoring and
diagnosis (Zhou et al., 2022), bolstered by the assistance of
artificial intelligence (Liu et al., 2023). Our paper aims to report
on the use of these sensors, along with artificial intelligence
technology, in enhancing blood pressure monitoring and
diagnosis (Zhang et al., 2022).

Self-powered TENG pulse detection

The technology of Triboelectric Nanogenerators (TENG) has
promising potentials in pulse detection. By harnessing the
mechanical motion of human pulse, TENG generates electricity
(Chen et al., 2020). Its unique wearability and portability, coupled
with its independence from external power sources, render it an
optimal selection for real-time pulse detection and monitoring
(Zhang et al., 2014). Han et al. introduced a flexible self-powered
ultra-sensitive pulse sensor (SUPS) that employs frictional-electric
active sensor technology (Ouyang et al., 2017), demonstrating
superior output performance (1.52 V), high peak signal-to-noise
ratio (45 dB), long-term endurance (107 cycles), and affordability.
The TENG placed on the wrist detects changes in wrist pulse
pressure that correspond to human health, which it senses
through the electrical signals produced (Lai et al., 2017). Ying-
Chih Lai et al. developed an SE-TENG that has a simple structure
and enhanced flexibility, making it highly convenient for harvesting
energy from human skin. The device comprises a basic groove
structure with PDMS film and ITO-coated PET film merged
together. The efficiency of the apparatus relies on the magnitude
and profundity of the groove structure. Increasing the depth of the
grooves would cause the output signal of the pulse sensor to decrease
linearly (Meng et al., 2019). Conversely, reducing the groove’s depth
would increase the contact area between the PDMS film and the ITO
electrode, resulting in substantial charge variation (Li et al., 2023b).
When the groove structure feels pulse pressure, the bottom PDMS
layer interacts more with the ITO electrode, transmitting charge
from the ground electrode. Nonetheless, in the event of an
electrostatic equilibrium between the frictional-electric films,
charge transfer remains dormant in the absence of pulse
pressure. The wrist pulse acts constantly on the PDMS film,
creating a back-and-forth current flow. The schematic diagram
and output pulse wave of the single-electrode pulse sensor are
depicted in B1-B2 of Figure 1 (Suguna and Veerabhadrappa,
2019). Meng et al. developed a self-powered, flexible, woven
pressure sensor (WCSPS) to non-invasively diagnose
hypertension-related diseases through pulse measurement (Wu
et al., 2019), as depicted in C of Figure 1. The device comprises
interlaced polymer nanowires (Seo et al., 2016) in a frictional electric
material. The WCSPS offers an exceptional sensitivity, with a
response time of <5 ms, and a weaving structure that is
1.64 times greater in effective contact area and electrical output
compared to an unwoven structure (Ardila et al., 2019). TheWCSPS
demonstrated reliable performance, maintaining sensor capabilities
after 40,000 repeated motion cycles (Su et al., 2016). The WCSPS
was applied to measure blood pressure from 100 participants
representing diverse ages and health statuses ranging from 24 to
82 years old. Differences between the results from the WCSPS and
those from cuff-based devices ranged from 0.87% to 3.65%. Liu et al.
proposed a straightforward and cost-effective approach for
monitoring subtle biological signals, such as respiration and
pulse, to achieve a highly sensitive, self-powered, and flexible
pressure sensor based on TENG. This was achieved by
synergizing the characteristics of PDMS and thermally
expandable microspheres (Li et al., 2019). By spin-coating a
mixture of thermally expandable microspheres and PDMS on a
planar substrate, a large-area patterned friction-charged thin layer
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was created (Li et al., 2019). Upon heating, the microspheres
expanded, forming microstructures on the original flat PDMS
surface. As the weight percentage of added thermally expandable
microspheres increased, the sensor’s sensitivity also increased,
achieving a maximum sensitivity of 1 mV/Pa at a weight
percentage of 150%. A theoretical model for analyzing the output
voltage was proposed, which exhibited good agreement with
experimental results, highlighting substantial potential in pulse
monitoring.

This study revealed that utilizing TENG for pulse measurement
is an effective approach to health monitoring (Li et al., 2019), which
could provide a competing alternative to currently existing complex
monitoring systems (As depicted in D of Figure 1). Looking ahead to
medical applications, enhancing the electrostatic charge effect of the
device and augmenting the dielectric constant of functional
materials can be achieved through the chemical incorporation of
nanoparticles within an electrostatic composite layer, encompassing
nanoparticles, nanotubes, and nanowires (Yao et al., 2022).
Material-wise, Combining nylon nanofibers with composite
materials such as polyvinylidene fluoride-silver nanowires and
polytetrafluoroethylene (PTFE) is a promising method to
enhance the electrostatic charge of TENG devices. Additionally,
material selection can be optimized based on specific application
requirements (Wang, 2017). Nevertheless, notwithstanding the
promising attributes of the TENG-based pulse detection device, it
confronts specific limitations during the data processing phase.
These limitations consist of a large quantity of data, interference
from noise, and signal complexity. As a result of these limitations,
the extraction of valuable pulse information using traditional data
processing methods is arduous (Zhou et al., 2014). It is imperative to
surmount these constraints by implementing robust machine
learning algorithms and models, that will in turn, enhance the
efficiency, and precision of data processing (Yuan et al., 2021).
By intelligently analyzing, filtering, and identifying the pulse signal,
the performance of the pulse detection device can be considerably
improved.

The prospect of machine learning in TENG-
based pulse detection device

The integration of biosensors with machine learning (ML) in
medical applications enhances the ability of healthcare systems and
decisionmakers to process information, insights, and environmental
data, enabling personalized medicine that minimizes misdiagnosis
or late diagnosis (Zhang et al., 2017). For example, Google and
Northwestern University have developed an AI model for lung
cancer detection in which more than 42,000 CT scan images
were used for training (Zhou et al., 2022). The model is able to
detect cancer in a single CT scan—with 5% higher accuracy than
human experts and exhibits a 9.5% higher detection rate than
radiologists in predicting cancer risk 2 years in advance (Riera
et al., 2012). Specifically, machine learning has heightened the
precision of pulse detection devices, empowering their algorithms
to discern subtle pulse signal nuances through the assimilation and
analysis of extensive pulse data. This, in turn, culminates in refined
detection outcomes. Secondly, machine learning further enhances
pulse detection devices’ real-time capability by enabling its

algorithm to process and instantly analyze data from TENG
sensors to swiftly detect and recognize pulse signals, permitting
real-time monitoring and feedback. Lastly, machine learning offers
adaptability by allowing pulse detection devices to adaptively
analyze and process pulse signals through individual
physiological characteristics and environmental modifications,
resulting in more personalized and precise results.

Yao et al. proposed the TENG-Cat-System, a human self-
propelled catalytic promotion system that improves cancer
treatment by studying the electrostatic preorganization effect in
natural enzymatic catalysis processes (Ardila et al., 2019; Liu et al.,
2023). Enhancing the generation of reactive oxygen species (ROS)
using nanocatalysts is essential to improve cancer therapeutic
efficacy. The TENG-Cat-system utilizes a one-dimensional
porphyrin covalent organic framework (COF) on carbon
nanotubes (CNTs) to generate ROS, and markedly enhances its
peroxidase-like activity under the human inherent electric field.
Employing machine learning for data analysis in conjunction with
physiological parameters, the system assists physicians in predicting
patient disease progression, therapeutic response, and prognosis.
Yuan et al. produced an additive-manufactured, low-cost, and
disposable 3D-printed acoustic triboelectric nanogenerator
(A-TENG) that collects low-frequency acoustic energy in
academic and medical fields (Li et al., 2019; Zhang et al., 2022).
Under a 100 dB sound pressure level, the system generates a power
output of 4.33 mW. The acoustic resonator system has the capacity
to continuously power up to 72 LEDs and a commercial calculator,
highlighting its potential as a device power source. Augmented with
an artificial intelligence chip that leverages pre-trained neural
networks to identify and process the converted electrical signals
of A-TENG, the system showcases substantial potential for an
intelligent Internet of Things (Zeng et al., 2020).

Currently, the monitoring of high-risk or diseased patients’
health primarily depends on clinical observations and laboratory
diagnostic tools that can be expensive and inconvenient (Lin et al.,
2020). To overcome these limitations, individual sensing data such
as pulse rate, respiratory rate, or blood pressure signals are
integrated into an “early risk rating” that aids in health
management. Machine learning plays a significant role in this
integration process (Zhang et al., 2014). For instance, Riera and
colleagues proposed a method that combines EEG and EMG signals
for stress detection, which considerably increases the classification
accuracy from 79% to 92% through data fusion. This method utilizes
periodic reuse and quantitative sensing, providing a more
comprehensive understanding of the relationship between
medical conditions and physical and mental health, leading to
more valuable diagnosis and predictions (Su et al., 2016; Ouyang
et al., 2017). Furthermore, Zeng and his team used diverse machine
learning techniques to develop their epidermal electronic system
(EES) to monitor and predict levels of mental fatigue, achieving an
impressive 89% prediction accuracy, which highlights the vast
potential of machine learning in the medical field (Lai et al., 2017).

These instances underscore the prowess of machine learning in
efficiently processing data and discerning patterns. Possessing the
ability to use diverse training models and optimization algorithms,
the pulse detection device employing TENG holds great promise as
an essential tool in the health monitoring industry (Meng et al.,
2019). By analyzing the basic properties of pulse waves and
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considering clinical requirements and physiological significance, we
recommend utilizing the wavelet transform modulus maxima
detection algorithm alongside morphology operations to improve
the performance of the pulse detection device (Li et al., 2023b).
Moreover, optimizing the algorithm through wavelet threshold
denoising can enhance the detection and location of extreme
points of pulse signals, even in situations with severe noise
interference (Wu et al., 2019), baseline drift, or other forms of
interference (Seo et al., 2016). Furthermore, in the context of pulse
signal analysis, Recurrent Neural Networks (RNNs) process each
step of pulse data, learning temporal patterns to predict future
features or detect anomalies. RNNs build long dependencies in
sequential data, but traditional RNNs suffer from vanishing
gradients when handling long sequences. To overcome this,
variants like Long Short-Term Memory (LSTM) and Gated
Recurrent Units (GRU) have been introduced, using gating
mechanisms to effectively capture and retain information in
lengthy sequences (Leng et al., 2023). This enhances RNNs’
performance in analyzing pulse signals and other sequential data.

Discussion

Over the past few years, considerable progress has beenmade in the
medical detection and clinical diagnosis field, utilizing pulse detection
devices that rely on the Triboelectric Nanogenerator (TENG)
technology. Notwithstanding, several challenges persist that
jeopardize the accuracy of the pulse detection devices. For instance,
issues related to noise disruption and environmental factors continue to
hinder the detection accuracy of these devices (Ardila et al., 2019).
Fortunately, machine learning presents an extensive potential to
overcome these obstacles. The forthcoming pulse detection devices
of the next-generation, underpinned by TENG, can significantly elevate
signal sensitivity and precision through the utilization of pliable
bioelectronic materials, algorithm optimization, and the integration
of advanced models. Further, redesigning the device’s structure and
adopting state-of-the-art manufacturing technology are crucial steps for
commercial uses, as they can help overcome existing integration
limitations (Su et al., 2016). Implementing these improvements can
foster accurate decision-making and efficient healthcare delivery.
Nonetheless, relying solely on machine learning-powered systems is
inadequate to provide precise treatment (Li et al., 2019). Collecting
patients’ lifestyle data via intelligent interaction and survey systems is
necessary for obtaining more accurate treatment (Yao et al., 2022).
Consequently, machine learning can perpetually refine its suggestions
by incorporating fresh data and iteratively updating its algorithms.

Several new mathematical tools and signal processing
techniques can assist in processing pulse signals accurately,
however, there is currently a shortage of disease sample databases
that corresponds with pulse signals (Tran et al., 2018). The
establishment of such a database stands as an urgent and pivotal
endeavor. At present, the available case samples remain confined to
a limited scale, lacking the requisite representativeness and
generality (King, 2009). Collaborating with hospitals to create
pulse signal and disease databases is an efficient way to address
this challenge. Such databases are not only propitious for research
but also have commercial value. In spite of certain strides made
within the domain, a number of challenges persist. Firstly, acquiring

precise pulse data is difficult due to the complexity of the human
cardiovascular system, and people’s situations vary. Secondly, the
tester’s position of the brachial and radial arteries varies, posing a
challenge in positioning the pulse wave sensor which affects
measurement accuracy (Milner et al., 1991). In addition, existing
algorithms primarily cater to normal populations and rely on data
from typical resting and exercising states (Guo et al., 2023). Thus,
test results may not be ideal for hypertensive patients or people
under different physiological conditions such as alcohol
consumption.

To overcome these challenges, an in-depth investigation of
sensor acquisition is imperative. Long-term tracking of a large
number of hypertensive patients and healthy individuals in
diverse states must also be conducted (Venugopal et al., 2021).
Enhancements in instruments and algorithmic adjustments can be
perpetually refined through comprehensive analysis of survey
statistical outcomes, culminating in heightened performance
outputs (Rasel and Park, 2017). Despite the notable
advancements in medical detection and clinical diagnosis using
pulse detection devices based on TENG technology, several
challenges persist (Wainwright et al., 2003). A combination of
strategies such as machine learning, device structure
modification, manufacturing technology alterations (Li et al.,
2021b), and large-scale database development that correspond to
pulse signals and diseases can harness the enormous potential of
these technologies for efficient healthcare delivery and high-
precision clinical decision-making (Xu et al., 2018b).
Nevertheless, apprehensions surrounding pulse signal acquisition
and algorithm applicability pose challenges in attaining heightened
detection accuracy (Zou et al., 2020). Continuous improvement and
thorough research can further promote the development of TENG-
based pulse detection devices, and subsequently improve healthcare
delivery and support for people’s wellbeing (Zheng et al., 2022; Ge
et al., 2023).
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