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Abstract

Self-powered wearable Internet of Things (I0T) sensors have made a significant impact on human life and health in
recent years. These sensors are known for their convenience, durability, affordability, and longevity, leading to
substantial improvements in peoplets lives. This review summarizes the development of self-powered wearable 0T
sensors in recent years. Materials for self-powered wearable sensors are summarized and evaluated, including
nanomaterials, flexible materials, and degradable materials. The working mode of self-powered wearable [oT
sensors is analyzed, and the different principles of its physical sensing and chemical sensing are explained. Several
common technologies for self-powered wearable I0T sensors are presented, such as triboelectric technology,
piezoelectric technology, and machine learning. The applications of self-powered IoT wearable sensors in human-
machine interfaces are reviewed. Its current shortcomings and prospects for its future development are also
discussed. To conduct this review, a comprehensive literature search was performed using several electronic
databases, resulting in the inclusion of 225 articles. The gathered data was extracted, synthesized, and analyzed
using a thematic analysis approach. This review provides a comprehensive analysis and summary of its working
mode, technologies, and applications and provides references and inspiration for related research in this field.
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Furthermore, this review also identifies the key directions and challenges for future research.

Keywords: Self-powered sensor, internet of things, human-machine interfaces

syLhraIsury

A wearable device is a portable device that is directly worn on the body or integrated into the clothing or
accessories of the user®3., It is designed to harvest energy from its environment to power the sensor,
typically from sources such as light, heat, or motion®*. In recent years, wearable devices have made rapid
progress, which shows great application prospects’®?. Some common examples of wearable devices include
smartwatches, fitness trackers, virtual and augmented reality headsets, and smart clothing®®*, These devices
often collect data and communicate with other devices, such as smartphones, to provide users with
information, notifications, and other featurest**3, The advantages of wearable devices are portability and
convenience, especially for disease diagnosis. The diagnosis of many diseases requires long-term and
continuous monitoring in order to make an accurate assessment. For instance, long-term electrocardiogram
(ECG) tests can detect arrhythmia diseases without requiring prolonged hospitalization. This approach can
significantly enhance patient comfort®**, Another advantage of wearable devices is their integration.
Traditional devices can only complete one function, while wearable devices often integrate multiple
functions, for example, the bracelet integrated with blood pressure and pulse monitoring, the monitoring
equipment integrated with respiratory intensity frequency and gas component analysis, and the electronic
skin integrated with multiple sweat component analysis***¢l, However, wearable devices are widely used and
usually include batteries. The lifespan of a self-powered wearable Internet of Things (IoT) sensor is
determined by the capacity and longevity of its battery. If the battery no longer contains any energy, the
device will stop working unless it is repaired (battery replacement). In addition, the size of the battery also
has a great impact on the size of the sensor device. Therefore, self-powered wearable electronic devices have
become one of the important research fields**",

Self-powered wearable devices are wearable devices that are designed to function without the need for an
external power sourcel®21, One of the advantages of self-powered wearable devices is convenience. Since no
external power supply is required, users can wear the device all day without worrying about charging, which
is especially important for the equipment for long-term disease monitoring®2:22, Self-powered sensors play a
prominent role in many cases where it is difficult to charge or replace batteries?!, From the perspective of
environmental protection, since the self-powered devices have no battery, the recycling of this sensor is
more environmentally friendly®#!, In addition, the use of a battery-free device can also prevent the device
with a battery from remaining in place even if the service life of the battery has ended®!. In some cases, the
self-powered devices can extend the service life of the devicel?. However, self-powered wearable devices
also have some potential disadvantages. One problem is that their capabilities are limited because the
energy-saving technology used to power the device may not support all features and functions of traditional
wearable devicesi®,

Self-powered wearable sensors generate their own power through various mechanisms, such as harvesting
energy from the environment, utilizing body heat, or using kinetic energy from motion®4, Self-powered
wearable sensors have many potential applications, such as in healthcare, sports, and environmental
monitoring®2%, They offer the advantages of being wireless, autonomous, and unobtrusive, which can
lead to more comfortable and convenient monitoring of various parameters®*.. There are several types of
self-powered wearable sensors, including piezoelectric sensors, thermoelectric sensors, and triboelectric
sensors®e¥l, |t also has the potential to enable new applications in health monitoring and personalized
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As presented in Figure 1, self-powered wearable sensors can be used in all parts of the human body. These
sensors can be used to monitor electroencephalogram (EEG) signals of various brain activitiest?, Using self-
powered wearable sensors for EEG measurement can improve the universality of this technology because it
allows measurement outside the clinical environment, which is more in line with peopleis daily living
environment and habits. Additionally, self-powered wearable sensors can monitor respiratory function.,
They can evaluate respiratory function from many aspects and have the ability to monitor respiration for a
long time, evaluate the effectiveness of respiratory therapy, and monitor respiratory function during
exercise or sleep. Self-powered wearable sensors also play a great role in ECG measurement2, Through
long-term monitoring and out-of-hospital monitoring, they can greatly help the overall evaluation of
patients. Moreover, these sensors for foot monitoring can be used to monitor foot function and gait mode,
providing valuable information about foot and ankle joint function®!, Furthermore, self-powered wearable
sensors can be used to monitor eye movement, provide valuable information about eye function, monitor
eye disease, study visual perception and cognition, and track eye movement during tasks requiring visual
attention (such as reading or driving)®l. These sensors can also be used for sweat monitoring, aiding in the
diagnosis and management of various conditions such as dehydration, electrolyte imbalance, and skin
diseases, and tracking changes in body temperature and metabolic activity™!. In addition, self-powered
wearable sensors for pulse wave monitoring can be used for a variety of applications, such as diagnosis and
monitoring of hypertension, assessment of cardiovascular risk, etc.kl, Lastly, intelligent exoskeletons enable
energy collection and angle sensing of joint movements, collecting energy from human joint movements
and supplying power to sensors, which can measure joint activity in real time and evaluate joint flexiont™,

Wearable sensors are 10T devices that can be worn on the body to collect and transmit data about physical
activity, vital signs, and other biometric information of the wearer®4l, They are often used with other 10T
devices to create a connected system that can provide real-time monitoring and feedback to the wearer®s,
The 10T is a network composed of physical devices, vehicles, household appliances, and other objects
embedded in sensors, software, and network connectionst%l, These devices can connect and exchange data
through the Internet, communicate with each other, collect data, and perform operations based on the data.
loT devices are widely used, including in smart homes, wearable devices, industrial automation,
transportation, medical care, and agriculture®™®. By connecting everyday items to the Internet and
collecting data about them, 10T devices can provide valuable insights for optimizing processes, reducing
costs, and improving the overall quality of lifel*,

Compared with previous reviews, this review differs in the following ways®, First, this review focuses on
the application of self-powered wearable 10T sensors as human-machine interfaces rather than just
introducing and analyzing their fundamental principlest¢-62, We conducted a detailed analysis and
discussion of their application scenarios, including electronic skin, fabrics, integrated clothing, etc., and
deeply discussed their advantages and disadvantages in these application scenarios and future development
directions and challenges. Second, this review provides a more in-depth discussion of the working modes,
technologies, and materials used in self-powered wearable IoT sensors. We describe their different physical
sensing, chemical sensing, and hybrid sensing modes and introduce the technologies and materials used in
them, such as triboelectric nanogenerators (TENGS), piezoelectric nanogenerators (PENGs),etc., for each
technology and material detailed analysis and evaluation. Finally, this review combines the latest research
progress and practical application scenarios, conducts in-depth discussions and prospects for the future
development of this field, and puts forward some guiding suggestions. These suggestions not only provide
researchers with research directions and ideas but also provide useful enlightenment and guidance for the
industry, which has a certain role in promoting the development of this field.
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Figure 1. Self-powered wearable sensors used in various parts of the human body. They are EEG. Reproduced with permission™®,
Copyright 2015, IOP Publishing Ltd; Breath. Reproduced with permission[“l].Copyright 2019, Elsevier Ltd; ECG. Reproduced with
permission[42].Copyright 2018, American Chemical Society; Feet. Reproduced with permission[43],C0pyright 2022, Advanced Materials
Technologies; Eyes, Reproduced with permission™*, Copyright 2018, Elsevier Ltd; Sweat, Reproduced with permission*!, Copyright
2022, Elsevier Ltd; Pulses, Reproduced with permission™*® Copyright 2022, Licensee MDPI, Basel, Switzerland; Legs, Reproduced with
permission[‘”] Copyright 2022, American Chemical Society. ECG: Electrocardiogram; EEG: electroencephalogram.

The overall purpose of this review is to comprehensively sort out and summarize the application of self-
powered wearable 10T sensors as human-machine interfaces in order to discuss their development and
prospects in the future. With the continuous development and popularization of wearable devices and loT
technology, self-powered sensors, as an emerging technology, have broad application prospects in realizing
intelligence, automation, and human-computer interaction. In this context, the purpose of this review is to
comprehensively analyze and summarize the progress and innovations achieved in the current research,
demonstrate the application of self-powered sensors in the human-machine interface in terms of their role
in materials, working modes, technologies used, application scenarios, and advantages, and discuss future
development directions and challenges in this field.

Here, the materials of sensors, sensor operation modes, and techniques used in sensors are the focus of our
discussion, which are shown in Figure 2. The selection of sensor materials mainly involves degradable
materials, flexible materials, and nanomaterials. Degradable materials are of great significance in wearable
devices to protect the environment, and under certain conditions, degradable materials are safer and
healthier. The use of flexible materials allows the sensor to fit the human body better and provide a more
comfortable experience. Nanomaterials, on the other hand, can provide excellent electrical, optical, and
mechanical properties, enabling sensors to efficiently and accurately sense and measure various
physiological parameters. In terms of the working mode of the sensor, the common ones include chemical,
physical, and binding modes. Chemical sensors enable data acquisition primarily by detecting and
responding to changes in specific chemicals, such as monitoring the concentration of specific molecules in
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Figure 2. Main concern of self-powered 10T sensors. Materials of sensors contain flexible materials, Reproduced with permission®,

Copyright 2021, Springer Nature, nanomaterials, Reproduced with permission“®®, Copyright 2019, 10P Publishing Ltd, and degradable
materials, Reproduced with permission[w]. Copyright 2022, Elsevier Ltd; Sensor operation modes contain physical sensing, Reproduced
with permission™®?. Copyright 2018, American Chemical Society, chemical sensing Reproduced with permission®*, Copyright 2022,
John Wiley & Sons, Inc., and combined sensing, Reproduced with permission™® Copyright 2020, American Chemical Society;
Techniques in sensors contain TENG Reproduced with permission* Copyright 2022, John Wiley & Sons, Inc., PENG, Reproduced
with permission™®?, Copyright 2023, Elsevier Ltd, and machine learning Reproduced with permission??™!, Copyright 2022, John Wiley &
Sons, Inc. PENG: Piezoelectric nanogenerator; TENG: triboelectric nanogenerator.

the blood. Physical sensors focus on measuring physical quantities such as force, temperature, and humidity
and converting them into readable electrical signals. Combined modes combine chemical and physical
sensing technologies to provide more comprehensive data collection capabilities. The technology in the
sensor covers areas such as TENGs, PENGs, and machine learning. The TENG uses the energy generated by
mechanical friction to power the sensor, making it self-powered. PENGs use the electrical charge generated
by pressure changes to provide electricity. Machine learning technology can effectively analyze complex and
multimodal signals, make full use of data, and obtain complete and direct biomedical results. Based on the
above information, more advanced and powerful wearable sensors can be realized, providing people with a
more intelligent and convenient human-computer interaction experience and promoting the wide
application of 10T technology in health monitoring, sports tracking, and other fields.

GaL3vot

Literature search

The objective of this review is to examine the current advancements in self-powered wearable 10T sensors
and their potential as human-machine interfaces. The research questions revolve around understanding the
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