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Abstract

The fourth industrial revolution has led to the development and application of health monitoring sensors that are
characterized by digitalization and intelligence. These sensors have extensive applications in medical care, personal
health management, elderly care, sports, and other fields, providing people with more convenient and real-time
health services. However, these sensors face limitations such as noise and drift, difficulty in extracting useful informa-
tion from large amounts of data, and lack of feedback or control signals. The development of artificial intelligence
has provided powerful tools and algorithms for data processing and analysis, enabling intelligent health monitoring,
and achieving high-precision predictions and decisions. By integrating the Internet of Things, artificial intelligence,
and health monitoring sensors, it becomes possible to realize a closed-loop system with the functions of real-

time monitoring, data collection, online analysis, diagnosis, and treatment recommendations. This review focuses

on the development of healthcare artificial sensors enhanced by intelligent technologies from the aspects of materi-
als, device structure, system integration, and application scenarios. Specifically, this review first introduces the great
advances in wearable sensors for monitoring respiration rate, heart rate, pulse, sweat, and tears; implantable sensors
for cardiovascular care, nerve signal acquisition, and neurotransmitter monitoring; soft wearable electronics for precise
therapy. Then, the recent advances in volatile organic compound detection are highlighted. Next, the current devel-
opments of human-machine interfaces, Al-enhanced multimode sensors, and Al-enhanced self-sustainable systems
are reviewed. Last, a perspective on future directions for further research development is also provided. In summary,
the fusion of artificial intelligence and artificial sensors will provide more intelligent, convenient, and secure services
for next-generation healthcare and biomedical applications.
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Introduction

The development of the fourth industrial revolution
(Industry 4.0) has driven the rapid development and
application of health monitoring sensors (HMSs) char-
acterized by digitalization and intelligence (Shi, Qiong-
feng et al. 2020a; Yang et al. 2022¢; Zhang et al. 2023).
HMSs have extensive applications in medical care, per-
sonal health management, elderly care, sports, and other
fields, providing people with more convenient and real-
time health services (Cho et al. 2020; Zheng et al. 2020).
Health monitoring sensors have undergone a long evolu-
tion. The earliest sensors for heart monitoring appeared
in the 1950s and were subsequently widely used in the
medical field (Browder 1956). The vigorous development
of wearable technology has transformed the use of health
monitoring sensors from clinical monitoring in hospitals
to long-term care in homes, such as wearable blood glu-
cose monitors (Jessica et al. 2020), sports sensors (Dai
et al. 2023; Gao, S. et al. 2021a, 2021b; Zhang et al. 2022),
and respiratory monitors. In the 21st century, the emer-
gence of smartphones has enabled the visualization of
monitoring data, which has gradually been used in smart
homes (Shi et al. 2021), remote medical care (Wang, C.
et al. 2021), smart cities (Huang et al. 2023; Zheng et al.
2022), and other areas, providing people with more con-
venient and efficient services.

Although significant progress has been made in many
aspects, health monitoring sensors still face many limi-
tations (Beardslee et al. 2020; Lee et al. 2021; Li, P.
et al. 2021b; Mohankumar et al. 2021). First, sensors
can be subject to noise and drift, which can cause fluc-
tuations in the measurements they provide (Dong et al.
2021; Kai Dong et al. 2020; Takeda et al. 2014). Then,
with the increasing availability of sensors, it has become
easier and more cost-effective to collect large amounts
of data (Dong and Wang 2021; Zhou and Chai 2020). A
significant challenge arises in making sense of the vast
amount of data generated by health monitoring sen-
sors and extracting meaningful insights. For instance, in
healthcare applications, wearable sensors can be used
to monitor the health and activity levels of users. These
sensors generate large amounts of data encompassing
factors such as heart rate, blood pressure, and move-
ment. Besides, multiple sensors are used to monitor
various aspects of the target (Borchers and Pieler 2010;
Dong et al. 2022). These sensors may be independent of
each other (Poitras et al. 2019), meaning that they are
not designed to work together or provide a unified view
of the system being monitored. Moreover, traditional
sensors are typically characterized as open-loop, lacking
feedback or control signals from the system they moni-
tor (Ellison et al. 2022). Consequently, while these sen-
sors can gather measurements or observations, they are
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unable to directly impact the system’s behavior. Such lim-
itations hinder the advancement of conventional sensors
toward more intelligent and responsive capabilities.

The widespread application of artificial intelligence (AI)
is a notable feature of Industry 4.0 (Huang et al. 2023).
The development history of Al can be traced back to the
1950s (Steels 2007). Early AI technologies relied mainly
on symbolic logic and expert systems. Over time, Al
technology has undergone multiple transformations and
advancements. In the 1980s, machine learning began to
emerge as the main branch of Al, enabling computers to
learn patterns from data and make predictions and deci-
sions (Langley, 1984). With the rapid development of
computer technology, especially the emergence of cloud
computing and big data technology, AI has encountered
new development opportunities. Deep learning became
the main technology in the Al field, enabling the pro-
cessing of large amounts of data and achieving high-
precision predictions and decisions by constructing
multi-layer neural networks (LeCun et al. 2015). In the
field of health monitoring sensors, the development of Al
provides powerful tools and algorithms for data process-
ing and analysis, which provides solutions for develop-
ing limitations faced by HMSs (Zhang et al. 2023). The
data collected by HMSs can be processed and analyzed
using Al algorithms, thereby achieving intelligent health
monitoring (Gao, S. et al. 2021a). Meanwhile, machine
learning algorithms enable mine potential health prob-
lems from big data, providing more accurate diagnoses
and treatment plans for doctors and patients (Wen, F.
et al. 2020a, 2020b, 2020c¢). Integrating Internet of Things
(IoT) technology, Al technology and HMS, a close loop
with real-time monitoring, data collection, online analy-
sis and diagnosis and treatment recommendations can be
realized. Furthermore, by adopting encryption, identity
authentication, and other technologies, the security of
health data and the privacy of patients also get ensured.
Al plays a crucial role in the development of health moni-
toring sensors. Al-enhanced sensors will provide more
intelligent, convenient, and secure services for healthcare
and biomedical applications.

This review focuses on the development of intelligent
technologies enhanced by artificial sensors (Fig. 1). In
Section 2, we introduce wearable sensors for monitor-
ing respiration rate, body motion, pulse, sweat, tears,
etc. In Section 3, implants that can realize cardiovas-
cular pressure detection, nerve signal acquisition, and
neurotransmitter monitoring are introduced. In Sec-
tion 4, flexible electronics for therapy are presented.
In Section 5, sensors for volatile organic compounds
(VOC) detection based on optical, and electrical
principles as well as Al-enhanced VOC platform are
reviewed. In Section 6, advances in human-machine
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Fig. 1 Overview of the development of artificial sensors enabled by intelligent technologies. This figure illustrates the road map of sensing
technologies (left side) and artificial intelligence technologies (right side) and the development of diversified applications in self-powered,
implantable, wearable sensors and smart home, machine learning (ML), VOC sensing, and human-machine interfaces

interfaces are provided. In Section 7 "Al-enhanced
multimode sensor", various multimode sensors which
combine pressure, temperature, humidity, wireless
transmission, and Al technologies are introduced. In
Section 8, an Al-enhanced self-sustainable system is
presented. Lastly, a short conclusion and perspective
are provided in Section 9.

Wearable sensors

Wearable physical sensors

The continuous advancement of wearable electronics
toward multifunctional wearable systems is driven by the
desire to improve the quality of life through the enhance-
ment of external device functionality (Ates et al. 2022; He
et al. 2021; He and Lee 2021; Xu et al. 2019). Presently,
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commercially available wearable devices, such as wrist-
bands, watches, and glasses, typically consist of rigid
elements with flexible belts that are worn on the human
body. However, to further optimize wearable comfort and
enable advanced healthcare interactions with humans,
wearable electronics are now progressing toward plat-
forms with excellent flexibility, stretchability, and even
self-healing capability, benefiting from significant
advancements in the development of functional flexible
materials (Liu et al. 2017; Wang and Urban 2020). Simul-
taneously, wearable sensors have made their way into the
field of digital health, finding diverse applications in bio-
medical settings. These sensors enable the monitoring
of vital signs (respiration rate, blood pressure, skin tem-
perature, pulse, etc.) (Dias and Paulo Silva Cunha 2018;
Igbal et al. 2021; Wang, C. et al. 2018a), and physiological
signals (electrocardiography (ECG), electromyography
(EMQ), electroencephalography (EEG), etc.) (Chen et al.
2020; Chi et al. 2010; Tian, L. et al. 2019a). They can also
capture body kinetics such as strain and pressure (Bai
et al. 2022; Gao, Shan et al. 2021a, 2021b; Zhang, Z. et al.
2020; Zhou, Z. et al. 2020a, 2020b), as well as dynamic
biomolecular states through accessible biofluids like
sweat (He et al. 2023; Wen, Feng et al. 2020a).

Recently, Kim et al. developed a sensor called Tun-
able, Ultrasensitive, Nature-inspired, Epidermal Sensor
(TUNES), which exhibits the capability to detect a broad
range of signals, ranging from minute pulses to more
substantial muscular contractions and respiration (Kim
et al. 2023). As shown in Fig. 2a, the authors developed a
sensor that mimics the geometry and tuning mechanism
of the slit organ in spiders. By creating nanoscale cracks
on a metalized polyimide (PI) film and adjusting the sen-
sor’s sensitivity through pre-strain, akin to a spider leg,
they were able to measure strain and pressure across var-
ious scales using a single sensor. TUNES proves effective
in measuring pulse waves at different pulse points and
even during physical activities such as walking or cycling.
To demonstrate the potential of the TUNES as a non-
invasive biomedical sensor, a strain-controllable frame
was designed to monitor diverse vital signals on the skin.

(See figure on next page.)
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To evaluate the sensor’s accuracy and reliability, clini-
cal trials were conducted, comparing its performance
to that of a pressure wire that is widely regarded as the
gold standard for intravascular blood measurement.
The respiratory rate, which is an important physiologi-
cal parameter, can be used to identify serious respiratory
conditions such as cardiopulmonary arrest, chronic heart
failure, or pneumonia. Figure 2b presents a respiration
rate sensor fabricated on a face mask through oxidative
chemical vapor deposition (0CVD), a unique method
that can form patterned polymer films with adjustable
thickness, enabling the sensor to maintain the advanta-
geous features of fabrics (Clevenger et al. 2021). A highly
conductive Poly(3,4-ethylenedioxythiophene) (PEDOT)
layer has been successfully deposited on a disposable
glove and mask, which functions as the resistive sensor to
extract blood pressure information and respiratory rates
in real-time with excellent precision. The sensor works
by measuring the changes in current associated with the
wearer’s respiration, which detects inhalation and exhala-
tion cycles as current drops and recoveries, respectively,
and measures the duration and amount of current change
for each cycle. By analyzing these changes, the sensor can
estimate the wearer’s respiratory rate and identify abnor-
mal ranges, which could be indicative of various health
conditions such as lung degradation, anxiety, fever, and
cardiac conditions.

Temperature sensing plays a pivotal role in deliver-
ing critical data in various scientific and engineering
domains. Recently, there has been a rising interest in
wearable temperature sensors, driven by the need for
flexible and sensitive temperature monitoring in applica-
tions such as artificial skin and continuous physiological
temperature tracking. Figure 2c presents a new approach
for creating highly sensitive and flexible artificial skin
with a negative temperature coefficient (NTC) thermis-
tor, which is made possible through a unique seamless
structure and a monolithic laser-induced reductive sin-
tering method (Shin et al. 2020). By utilizing heat-sensi-
tive polymer substrates, it becomes possible to fabricate
electronic skin with improved temperature sensitivity.

Fig. 2 Wearable technologies for diversified applications. a A tunable, ultrasensitive, nature-inspired, epidermal sensor (TUNES) inspired

by a spider’s sensory system with a tenable sensitivity by preset strain, which not only can measure respiration and muscle contraction

but also serves as a skin-attachable biomedical sensor (Kim et al. 2023). b An respiratory rate sensor that detects breath patterns in real-time,
which is fabricated by depositing PEDOT on a disposable mask (Clevenger et al. 2021). ¢ A sensitive and flexible artificial skin comprising

a negative temperature coefficient thermistor that can be attached to facial skin conformably, enabling the recording exhaled breath-induced
temperature variations (Shin et al. 2020). d A highly conductive polymer dry electrode (PWS film) with excellent conductivity, stretchability,
and self-adhesiveness, enabling high-quality ECG, EMG, and EEG signal acquisition in diverse conditions (Zhang, L. et al. 2020). e A wearable
patch that enables continuous monitoring of the composition and rate of thermoregulatory sweat during periods of rest, which incorporates
a fast sweat absorption mechanism and minimizes the time required for sweat accumulation, allowing for real-time measurement (Nyein et al.
2021). f A multifunctional contact lens sensor for wireless ocular diagnostics, which detects glucose in tears and intraocular pressure (Kim et al.
2017). g Interconnected wireless body sensor networks, characterized by energy efficiency and enhanced security, utilize radio surface plasmons

propagating on metamaterial textiles (Tian, X. et al. 2019b)
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The nickel oxide (NiO) temperature sensor can be con-
formably attached to various curvatures on the facial
surface, enabling continuous and accurate measurement
of physiological temperature over long periods. It has
been demonstrated that it can capture small temperature
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variations associated with inhalation and exhalation.
Besides, it was also able to accurately monitor changes
in respiration patterns during intense physical activi-
ties. It revealed a notable 27% rise in respiratory rate
and a significant 65% reduction in temperature variation
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amplitude, indicating shallow breath, when confronted
with low blood oxygen saturation levels. These find-
ings highlight the potential of it as a non-invasive physi-
ological monitoring system, particularly for critically ill
patients experiencing metabolic or pathologic dyshome-
ostasis conditions.

Accurate recording of human biopotential signals is
crucial for diagnosing and treating heart, brain, and
muscle-related diseases, which relies on the use of effi-
cient wearable electrodes that interface effectively with
the skin. As shown in Fig. 2d, Zhang et al. developed a
highly conductive polymer dry electrode (PWS film),
which possesses remarkable attributes such as self-adhe-
siveness, stretchability, and conductivity (Zhang, L. et al.
2020). It is achieved through solution processing of a
blend comprising PEDOT: PSS, waterborne polyurethane
(WPU), and D-sorbitol. The PWS film surpasses both
conventional dry electrodes and gel electrodes in terms
of lower skin-contact impedance and noise levels in static
and dynamic measurements. Consequently, it enables the
acquisition of high-quality signals for ECG, EMG, as well
as EEG under diverse conditions. To evaluate the efficacy
of PWS dry electrodes, a clinical study was conducted.
This study involved the identification of electrocardio-
graphic arrhythmia, detection of muscle activity during
deep tendon reflex testing, and quantification of muscu-
lar strength during contraction and relaxation. The ECG
results exhibited aberrant patterns consistent with atrial
fibrillation, while the EMG signals obtained from PWS
dry electrodes accurately captured changes in muscle
activity during various tasks. These findings highlight the
potential of PWS dry electrodes for clinical assessments
of neurological conditions related to cardiac and muscu-
lar functions.

Wearable chemical sensors

Obtaining a comprehensive assessment of an individual’s
health status requires collecting extensive information,
including vital signs, physical activities, and chemical
biomarkers from or near the human body. To address this
need, wearable chemical sensors have been developed for
the real-time detection of biomarkers from biofluids and
the surrounding environment (He et al. 2023; Wen, Feng
et al. 2020a). These sensors, utilizing different transduc-
tion mechanisms, can detect a wide range of biomark-
ers presented in biofluids such as tears or sweat, which
could potentially enhance disease prediction, screening,
diagnosis, and treatment. Figure 2e illustrates a recent
study showcasing a wearable patch designed to continu-
ously track sweat rate during rest periods (Nyein et al.
2021). To address the challenge of low sweat secretion
rates during rest, microfluidics is integrated into the
patch, which prevents evaporation and detects sweat rate
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selectively. Additionally, a laminated hydrophilic filler
is incorporated, enabling rapid uptake of sweat into the
sensing channel, hence reducing sweat accumulation
time. The patch features functionalized electrochemical
electrodes and electrical electrodes in the microchan-
nels for simultaneous detection of pH, Cl, levodopa,
and sweat rates. Due to its compact size, the device has
been effectively employed in measuring sweat secretion
rate under rest on different body parts, such as the fin-
ger, shoulder, and chest. The patch has undergone testing
to evaluate its performance in dynamic sweat behaviors
during light physical activities, glucose fluctuations, and
drug administration for Parkinson’s disease, demonstrat-
ing its potential as an ideal platform for daily monitoring
of an individual’s physiological status and medical con-
dition in clinical and research settings. Tears and saliva
offer several advantages over sweat when it comes to
noninvasive health monitoring. These bodily fluids have
a short accumulation time and provide sufficient volume,
eliminating the need for additional extraction methods.
Contact lenses have garnered significant attention as a
viable substrate for tear sensors due to their biocompat-
ibility and compliance. However, to address the potential
risk of inflammation caused by wires in contact with the
eyeballs, it is essential to establish wireless connectivity
between contact lens-based tear sensors and the meas-
uring equipment. For instance, as shown in Fig. 2f Kim
et al. introduced a tear sensor using a graphene field-
effect transistor (FET) integrated with a graphene-silver
nanowire (AgNW) composite antenna, which works at
radio frequency and wirelessly transmits sensory infor-
mation upon the occurrence of glucose oxidation on
the graphene channel (Kim et al. 2017). It is specifically
designed to detect the level of glucose in tears and meas-
ures intraocular pressure by utilizing the resistance and
capacitance properties. The real-time glucose detec-
tion in the tears of a rabbit eye and wireless tracking of
intraocular pressure in a bovine eyeball in vitro have
been successfully demonstrated.

Wearable body sensors network

The integration of sensors, smart devices, and displays
within the human body has been a significant develop-
ment in wearable electronics research. However, estab-
lishing a functional network for these devices poses
challenges, such as disruptions in physical activity caused
by direct wiring between sensor nodes. Although wear-
able electronics have made progress in incorporating
sensors and electrical wires into attire or on the skin,
bridging them with other functional components that
provide power and collect data remains challenging.
Therefore, wireless interconnection approaches are cru-
cial to create a network of discrete wearable devices,
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enabling seamless communication and functionality
while preserving usability and user comfort. Wireless
technologies, including radio-based methods like Blue-
tooth and Wi-Fi, are commonly used to connect wearable
sensors for health monitoring and clinical notifications.
However, these technologies require discrete power
sources for each sensor node, facing issues of limited skin
conformability, privacy concerns, and periodic battery
replacement. Near-field communication (NFC) offers
an alternative approach where sensors can be wirelessly
powered by a reader, enabling battery-free and secure
operation for various physiological measurements on the
skin or inside the body (Lin et al. 2020; Lin et al. 2022;
Niu et al. 2019; Shi et al. 2022). Figure 2g presents an
innovative technique for constructing a wearable sensing
system on textiles using metamaterial textiles to enable
the propagation of radio surface plasmons on the body
surface, leading to a secure and energy-efficient wire-
less body sensor network (Tian, X. et al. 2019b). The
approach employs conductive fabrics in clothing that
facilitate surface-plasmon-like modes at radio commu-
nication frequencies, resulting in body sensor networks
with significantly higher transmission efficiencies than
traditional radiative networks without metamaterial tex-
tiles. Moreover, wireless communication is limited to
a range of 10 cm from the body, ensuring that sensing
signals are secure and cannot be intercepted by external
sources in the surrounding area. A network of two sen-
sor nodes (Bluetooth modules on the shoulder and lower
back) and a smartphone hub worn on the abdomen were
built to demonstrate energy-efficient communication.
Real-time detection of signal strength was conducted
on a group of healthy volunteers during physical activity,
and the results revealed a 31 dB enhancement in signal
strength for both devices compared to the control group.
The improved signal transmission efficiency by a factor
of 1,000 results in reduced power usage and increased
data transfer speed. These findings suggest that clothing
can be used to manipulate electromagnetic waves around
the body, providing a foundation for integrating con-
cepts derived from microwave or photonic circuits into
textiles, and enabling wireless sensing, signal processing,
and energy transfer applications.

In vivo health monitoring

Compared with wearables sensors, which monitor
body surface sweat markers (Gai et al. 2022), epidermal
electrical signals (EMG, ECQG, pulse) (Liu et al. 2022a,
2022b, 2022c, 2022d, 2022e; Ouyang et al. 2017), and
body movements recanalization (Wang, C. et al. 2020a,
2022b, 2020c; Wang, C. et al. 2021), et al., implantable
sensors function inside body perform more directly
healthy states. For example, the normal functions of the
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heart and blood vessels (Ouyang et al. 2021), the recov-
ery progress of the injured tissue (Zhang et al. 2021), and
the abnormality of the central nervous signal (Shin et al.
2021), etc., all of which require devices to be implanted
inside the body for a long-term status monitoring (Jiang
et al. 2020). Meanwhile, the research on implantable
devices also makes high requirements for materials selec-
tion, structure design, system integration, power supply,
and biological safety (Jiang et al. 2018; Wang et al. 2019;
Yao et al. 2022; Zhao et al. 2019).

In vivo self-powered sensors

In recent years, the development of self-powered,
implantable sensors exhibits the potential to revolu-
tionize healthcare by providing continuous and accu-
rate data without the need for external power sources
or frequent replacements (Xiao et al. 2022; Yao et al.
2022; Zheng et al. 2020). Li et al reported the first self-
powered implantable bioelectronics (SIBE) based on the
principle of triboelectric nanogenerator (TENG) (Zheng
et al. 2014). After that with the advantages of lightweight,
low cost, and high output energy density, TENG-based
SIBE stands out in vivo energy harvesting, cardiovascu-
lar monitoring, cardiac pacing, muscle/nerve electri-
cal stimulation, tissue regeneration, and drug delivery.
According to statistics from the World Health Organiza-
tion (WHO), approximately 17.9 million people world-
wide die from cardiovascular diseases (CVD) annually,
accounting for 31% of global deaths. CVDs are also one
of the main causes of disability (Ouyang et al. 2019; Shi,
Y. et al 2020c; Wang et al. 2022). Ma et al. developed an
implantable active pressure sensor, named iTEAS, for
real-time biomedical monitoring, as shown in Fig. 3a (Ma
et al. 2016). Based on the principle of triboelectric effect,
iTEAS was able to convert mechanical signals generated
by motion from the implant site into readable electrical
signals for further analyzing heart rates, blood pressure,
blood flow, and respiratory rates (Fig. 3ai). Simultane-
ously, iTEAS could harvest mechanical energy from
the human body and convert it into electrical power to
self-supply, overcoming the limitations of battery capac-
ity (Fig. 3aii). After good packaging, this active sensor
remained to monitor functions for 72 hours after the
closure of the chest and behaved good biocompatibility
(Fig. 3aiii). Figure 3b, (Liu et al. 2019) presents a novel
approach to monitoring intracardiac pressure using a
self-powered pressure sensor (SEPS) that is integrated
with a minimally invasive implanted heart catheter. After
optimization exploration, SEPS achieved a sensitivity of
1.195 mV/mmHg with a linearity of R>=0.997. The SEPS
demonstrated its feasibility through in vitro and in vivo
experiments, addressing the limitations of traditional
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invasive monitoring methods by providing a minimally
invasive and self-powered solution.

Transient electrons can be degraded and absorbed
within the body after they complete their service, saving
patients from pain and the risk of infection from a sec-
ond surgery to remove the implant (Chao et al. 2020; Li
et al. 2018; Li et al. 2023; Qiang Zheng et al. 2016). Ouy-
ang et al. described the development of a bioresorbable
triboelectric sensor (BTS) for use in cardiovascular post-
operative care (Fig. 3c) (Ouyang et al. 2021). Based on the
triboelectric effect, BTS was designed to be implanted in
the body and was capable of monitoring pressure changes
in realtime. BTS has the potential to improve patient out-
comes by providing accurate and continuous pressure
monitoring without the risks associated with permanent
implants. The human urinary system is regulated by the
coordinated actions of the nervous and muscular sys-
tems. Any abnormalities in these systems may result in
urinary disorders that can significantly affect daily life.
Figure 3d, introduced a control system for monitoring
bladder pressure and controlling urination (Arab Hassani
et al. 2018). In this system, a TENG-based pressure sen-
sor was employed to detect the filling state of the blad-
der. A bistable micro-actuator based on shape memory
alloy was used to induce contraction and relaxation of the
bladder for urination. This is a good try and provides a
reliable approach for future clinical applications. Overall,
these studies demonstrate the potential of self-powered,
implantable sensors to revolutionize the field of biomedi-
cal monitoring. These sensors can enable accurate and
continuous monitoring of various parameters without
the need for frequent replacements or external power
sources. As the technology continues to evolve, self-
powered implantable sensors are expected to become
an increasingly important tool in healthcare, particu-
larly in the fields of cardiology, neurology, and postop-
erative care. Despite significant progress has been made,
there is still room for improvement in the areas of novel
materials, multimodal integration, and more effective
tissue-device interfacing (Wen et al. 2023). For instance,
the development of adhesive hydrogels that exhibit tis-
sue adhesion properties can seamlessly secure implants
onto biological tissue surfaces, enhancing the interface
interaction while avoiding the damage caused by sur-
gical sutures to the tissue surface (Wang et al. 2023).

(See figure on next page.)
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Considering the human body as a complex system, the
monitoring of its health status necessitates the coordi-
nated operation of multiple functional devices, imposing
new requirements for system integration and informa-
tion processing.

Neural interfaces

The nervous system is the human body’s control center,
regulating organ activity and mediating responses to
external stimuli. Monitoring neural electrical signals or
neurotransmitters provides insights into physiological
and pathological processes, informing the prevention and
treatment of neurological disorders (Cho et al. 2020; Lee,
S. et al. 2017; Lee et al. 2022). However, it is not easy to
accurately acquire and interpret the nerve signals, due
to their features of weak strength and high noise (Cho
et al. 2020; Xiang et al. 2016a). Furtherly, the conformal
matching between the nerve electrode and the nerve tis-
sue is also a crucial factor affecting the stability and bio-
compatibility of the neural interfaces (NIs) (Liu, Y. et al,,
2020; Song et al. 2020). Various NIs such as electrode
arrays, FETs, micro/nanomechanical systems (MEMS),
and nanochannel arrays are utilized for measuring neural
signals (Lee, Sanghoon et al., 2017). Meanwhile, micro-
electrode arrays, nanochannel arrays, and optical biosen-
sors are commonly used for detecting neurotransmitter
concentrations (Song et al. 2020; Wang, J. et al., 2018).
Improving the adaptability and functions-long-term sta-
bility between NIs and neural tissue; improving the high
spatial resolution of neural electrodes and developing
neural electrodes that can be integrated with other neural
technologies have been long-standing research priorities
in this field. Figure 4a introduced a flexible and biocom-
patible neural ribbon electrode (NRE) that achieved self-
adaptation to various diameter nerves by wrapping
around nerve fibers (Xiang et al. 2016b). The NRE was
coated with electrical-stable carbon nanotubes, which
ensured a close 3D non-invasive contact with neural tis-
sue and stable communication. In vivo experiments on
rats showed that the NRE recorded neural signals from
small nerves, such as the peroneal, tibial, and gastroc-
nemius nerves in a non-invasive way, which traditional
cuff electrodes cannot achieve. With these unique func-
tions, the neural ribbon electrode has the potential to
specifically control target organs by communicating only

Fig. 4 Neural signal sensing based on flexible neural interfaces. a The adaptive, no-invasive general neural ribbon electrode for small peripheral
nerve signals recording. i: the neural ribbon electrode (NRE); ii: 3D contact point of nerve electrode; iii: in vivo performance of NRE (Xiang et al.
2016b). b A flexible nerve electrode with a 3D spike structure enables accurate monitoring and decoding of peripheral nerve signals for restoring
motion perception (Wang, J. et al. 2018b). ¢ A universal interface based on biphasic dispersed gold nanoparticles that can connect flexible/

rigid modules in a plug-and-play way. i - i: A schematic shows the integration way of flexible and rigid modulus; iii: Applying BIND electrode
onto the peroneus longus muscle as an electrode (Jiang et al. 2023). d A soft and stretchable graphene-based biosensing neural interface

for the brain and gut. i - ii: NeuroString for chemical sensing in the gut; iii - iv: NeuroString for brain neural signals recording (Li et al. 2022)
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with those closely connected to fine nerves and will help
establish highly sensitive, real-time, and precise feedback
to understand unknown electrochemical mechanisms.
Compared to the surface potential signals, the internal
signals of nerve fiber bundles contain more conduction
and response related to the recovery of limb movement
and sensory function. Figure 4b displayed a novel spiked
ultra-flexible neural interface (SUNI), which collected
sensory information from rat mechanoreceptors through
the spike structure (Wang, J. et al., 2018). The novel 3D
structural design of SUNI enables well-conformal contact
with nerve fiber bundles. High-quality recordings from
SUNI contributed differentiate tactile and proprioceptive
stimuli, and furtherly provided for high spatial resolution
classification of neural signals.

The mismatch between hard and hydrophobic NIs and
the soft and wet nervous tissue is the most important
cause of immune rejection and nerve electrode failure.
To address this concern, the research hotspots mainly
focus on three aspects. First, designing intrinsically hard
micro-silicon-based devices with a flexible link structure,
such as island-bridge structure, S-shape structure, wave
structure, etc., endows implants with the ability to bend
and stretch in a small range (Song et al. 2020). Secondly,
using flexible materials as a bridge between implants
and biological tissues (Liu, Y. et al. 2020b). Zhao et al.
reported several examples to design flexible and adhesive
hydrogels as surgical instrument coatings (Yu et al. 2019).
Thirdly, developing intrinsically stretchable implants
based on advanced soft materials. Figure 4c presented
an ingenious method for the combination of a one-stop
universal interface (UI) between rigid and soft modules
(Jiang et al. 2023). This UI presented reliably connected
soft, rigid, and encapsulation modules to form robust and
highly stretchable electronics in a plug-and-play manner.
The UI was composed of interpenetrating polymer and
metal nanostructures that connected modules through
simple pressing without the use of adhesives. The con-
nection between soft-soft, and soft-hard modules both
exhibited good mechanical and electrical stretchability.
Additionally, electronics assembled with this interface
were used for in vivo neural modulation and skin elec-
tromyography monitoring with high signal quality and
mechanical robustness. These plug-and-play interfaces
simplify and accelerate the development of skin and
implantable stretchable electronics. For soft and stretch-
able implants, Liu et al. reported a morphing implantable
electronic (MIE), which adapted to nerve tissue growth
with minimal mechanical constraint (Liu, Y. et al. 2020b).
The MIE consisted of a stretchable strain sensor and
nerve electrode with stretchable poly (dimethyl siloxane)-
isophorone bis urea (PDMS-IU) as the encapsula-
tion layer and conductive polymer PEDOT: PSS as the
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conductive layer, which was able to monitor the growth
of tissues and provide electrical stimulation at the same
time. During the fastest growth period in rats, morphing
electronics caused minimal damage to the rat nerve,
which grows 2.4-fold in diameter. The MIE demon-
strated the unique advantages of flexible and stretchable
electronics for neural interfaces. Figure 4d gave another
example from the same research group (Li et al. 2022).
The researchers demonstrated a tissue-like stretchable
sensor, named NeutroString to monitor the monoam-
ine neurotransmitters. The NeuroString achieved elec-
trochemical detection of different neurotransmitters
by loading Fe;O, or NiO nanoparticles onto graphene
formed by laser-induced PEI, which addresses the weak
strain limitation of monolayer graphene. At the same
time, biocompatible polystyrene-block-pol y(ethylene-
ran-butylene)-block-polystyrene (SEBS) was employed
as the flexible substrate and encapsulation layer to realize
tissue-like flexibility and mechanical modulus. The Neu-
troString enables a seamless interface with brain and gut
tissue to realize chronic monitoring of neurotransmitters
without disturbing the normal behaviors of experimental
animals.

In summary, implantable neural interfaces have made
significant progress in recent years, enabling new oppor-
tunities for understanding and interfacing with the nerv-
ous system (Cho et al. 2020; Lee, Sanghoon et al. 2017;
Xiang et al. 2016a). These neural interfaces were designed
to interact with the neural tissue, allowing for recording
and stimulation of neural activity, and hold promise for
treating neurological disorders and restoring lost func-
tions. Even though, there are still significant challenges
that need to be addressed for use as a clinical tool. One
of the main challenges is the development of long-term
stable interfaces that can withstand the harsh biologi-
cal environment and avoid damage to the surrounding
tissue (Song et al. 2020). Another challenge is the need
for improved resolution and specificity of neural record-
ing and stimulation, as well as the ability to interface
with large populations of neurons (Li et al. 2022). Fur-
thermore, the development of safe and effective clinical
protocols for the implantation and monitoring of these
devices, as well as regulatory and ethical considerations,
are important areas for future research and development.
Overall, the progress in implantable neural interfaces is
promising, and continued research and development in
this field will enable new opportunities for understanding
and treating neurological disorders.

Flexible electronics for therapy

Recent advancements in wearable technology have revo-
lutionized healthcare by enabling innovative therapeu-
tic approaches that were previously impossible. With
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the introduction of flexible electronics, the develop-
ment of intelligent wearable medical devices (IWMDs)
has become a reality, facilitating real-time monitoring,
diagnosis, and treatment of various medical conditions
(Tan et al. 2022). These devices have gained immense
importance in the quest for personalized healthcare and
overcoming the limitations of passive therapy. Through
tracking physiological and pathological factors and deliv-
ering therapeutic agents acting in an on-demand man-
ner, IWMDs have become indispensable in providing
predictive bio-analysis, timely treatment intervention,
and improved drug efficacy, thereby promoting precision
medicine (cheol Jeong et al. 2018; Tan et al. 2022).
Wearable delivery devices for transdermal/topical drug
delivery have gained popularity over traditional methods
such as oral and injection delivery due to their flexibility
and scalability. These devices have been used to deliver a
range of therapeutic agents, including polypeptides, pol-
ysaccharides, small molecules, and growth factors, con-
tinuously and responsively (Kar et al. 2022; Yang, Yuan
et al. 2022a; Yang, Yuan et al. 2022b). For instance, A.
Tamayol’s group developed a wearable and programma-
ble bandage, which incorporates polymeric miniaturized
needle arrays (MNAs) to facilitate the targeted delivery
of essential pharmacological agents and growth factors
into the deeper layers of a wound (Fig. 5a) (Derakhshan-
deh et al. 2020). The bandage possesses the unique capa-
bility of actively delivering a diverse range of drugs with
independent temporal profiles through the MNAs. The
utilization of vascular endothelial growth factor (VEGF)
as a therapeutic agent highlights the significance of not
only choosing appropriate treatments but also consid-
ering the delivery technique and their spatial distribu-
tion within the wound bed. In the case of administering
VEGF to chronic dermal wounds in diabetic mice using
the programmable platform, notable enhancements are
observed in wound closure, re-epithelialization, angio-
genesis, and hair growth compared to the conventional
method of topically applying therapeutics. Figure 5b pre-
sents a novel approach for achieving transdermal deliv-
ery of photosensitizers in a deeper and faster manner
and improving photodynamic therapy (PDT) through
the utilization of microneedle (MN) patches loaded with
PS and O, propellant (Liu, P. et al. 2022b). To enhance
the PDT performance, sodium percarbonate (SPC) was
incorporated into dissolving poly (vinyl pyrrolidone)
microneedles. The inclusion of SPC in the microneedles
resulted in a unique mechanism where it reacted with the
surrounding fluid, generating gaseous oxygen bubbles.
These bubbles induced vigorous fluid flows, leading to
a significant enhancement in the penetration of chlorin
e6 (Ce6) in hydrogel models and skin tissues. To evaluate
the effectiveness of this gaseous oxygen-driven delivery
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of PS, a 20-day treatment was conducted on a tumor-
bearing mice model. The results demonstrated a lower
growth rate and reduced mass of the tumor, confirming
the improved efficacy of PDT when using the proposed
approach.

Figure 5c displays a delivery system consisting of living
Lactococcus incorporated within a heparin-poloxamer
thermos-responsive hydrogel. It aims to engineer the
wound microenvironment and promote angiogenesis
in a dynamic and temporal manner. By utilizing the liv-
ing system, the production and protection of vascular
endothelial growth factor (VEGF) is achieved, leading to
enhanced proliferation, migration, and tube formation in
endothelial cells. Additionally, the system secretes lactic
acid, which helps shift macrophages into an anti-inflam-
matory phenotype, facilitating angiogenesis in diabetic
wounds. Importantly, the delivery system can largely
reduce the risk of systemic toxicities due to its capabil-
ity in confining the bacterial population to wounds. Con-
sequently , this proposed system demonstrates potential
for therapeutic delivery with good efficiency, promoting
rapid healing of wound microenvironment and holding
promise as a scaffold in regenerative medicine applica-
tions (Lu et al. 2021). Recently, Yang et al. developed a
microneedle-based self-powered transcutaneous elec-
trical stimulation system (mn-STESS), which utilizes
microneedles integrated with a sliding TENG to enhance
the pharmacodynamics of epidermal growth factor, as
shown in Fig. 5d (Yang, Yuan et al. 2022d). The primary
objective of the mn-STESS is to improve the penetration
and utilization of drugs by piercing the stratum corneum
via microneedles. Additionally, it harnesses the mechani-
cal energy generated from finger sliding to generate elec-
tricity, enabling transcutaneous electrical stimulation
via the microneedles. This electrical stimulation serves
as a supplementary factor that counteracts the decline
in epidermal growth factor caused by glutathione and
enhances the expression of its receptors in keratino-
cyte cells, effectively addressing the issue of receptor
desensitization.

Sonodynamic therapy is a highly precise and minimally
invasive approach for treating cancer and eliminating
pathogens, which demands highly effective and biocom-
patible sonosensitizer. In a recent study, Wu et al. intro-
duced a new type of sonosensitizer for highly effective
sonodynamic therapy, which is a piezoelectric nanocom-
posite called barium titanate (BaTiO;, BTO) nano-cubes
with a modified Schottky junction using gold nanopar-
ticles (Au@BTO), as shown in Fig. 5e (Wu et al. 2021).
By utilizing ultrasound as an external mechanical wave,
the piezoelectric effect of Au@BTO is triggered, leading
to enhanced separation and movement of charge carriers
at the interface of the piezoelectric material and metal.
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Fig. 5 Wearable electronics for wound healing, drug delivery, and rehabilitation. a A wearable and programmable bandage that is able to transport
essential pharmaceutical compounds and growth factors to the deeper regions of the wound site (Derakhshandeh et al. 2020). b A microneedle
patch incorporating PS and O, propellant, enabling more efficient transdermal delivery of PS and enhancing the effectiveness of photodynamic
therapy. (Liu, P. et al. 2022b). ¢ Engineering bacteria-activated thermos-responsive hydrogel to facilitate the healing of diabetic wound (Lu et al.
2021). d A self-sustaining transcutaneous electrical stimulation system utilizing microneedles to enhance the pharmacodynamics of epidermal
growth factor (Yang, Yuan et al. 2022d). e A novel sonosensitizer, Au@BTO, incorporating Au nanoparticles into piezoelectric nanocomposite

(BTO) with a modified Schottky junction for highly efficient sonodynamic therapy (Wu et al. 2021). f An electrical bandage to facilitate skin wound
healing through electrical stimulation (Long et al. 2018). g An assistive and rehabilitative exosuit utilizing soft robotics for individuals recovering
from stroke-related walking impairments. (Awad et al. 2020). h A lightweight and soft exosuit with optimized hip flexion assistance to reduce

the energy expenditure of walking (Kim et al. 2022)

This process significantly boosts the generation of reac-
tive oxygen species (ROS) through a redox reaction. The
exceptional efficiency of ROS production exhibited by
Au@BTO makes it highly effective in combating both
Gram-negative and Gram-positive bacteria. Moreover,
both in vitro and in vivo experiments demonstrate that

the sonodynamic treatment also promotes the migration
of fibroblasts, which contributes to the healing of der-
mal wounds in mice. It has been widely recognized that
electrical stimulations have proven to be another effec-
tive method for promoting the healing process of skin
wounds. Figure 5f depicts an electrical bandage designed
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to accelerate skin wound healing, which generates an
alternating discrete electric field through a wearable
TENG that converts biomechanical energy from body
movements into electricity (Long et al. 2018). Rat stud-
ies have shown that this approach leads to swift closure
of a full-thickness rectangular skin wound within 3 days,
which is notably faster than the healing processes based
on contractions. In vitro studies suggest that the electric
field stimulates the migration, proliferation, and trans-
differentiation of fibroblasts, leading to accelerated skin
wound healing.

In addition to the use of bioelectronics for therapy,
there are also robotic exoskeletons that can directly assist
or enhance human activities by integrating sensing, con-
trol, and computer science (Yang et al. 2008). In recent
years, there has been significant progress in the develop-
ment of exoskeletons specifically designed for the lower
extremities. These exoskeletons aim to apply torques
to biological joints, helping individuals with impaired
ambulation capabilities or enhancing the abilities of
healthy individuals. (Ding et al. 2018; Huo et al. 2014;
Lee, G. et al. 2017; Quinlivan et al. 2017). These exoskel-
eton systems are typically robotic mechanisms consisting
of rigid links, joints, and actuators that are arranged par-
allel to the lower limb and offer training or rehabilitation
of gait. Professor C. Wash and his team have dedicated
their efforts to the advancement of exosuits specifically
designed for gait rehabilitation and effectively showcased
a series of prototypes capable of assisting individuals
with impaired mobility or augmenting the capabilities
of healthy individuals through the reduction of meta-
bolic rates. An example of their recent exosuit proto-
type is illustrated in Fig. 5g, which integrates Bowden
cables, functional textile anchors, actuators, and contrac-
tile elements that generate forces (Awad et al. 2020). By
connecting the Bowden cables to the shoe insole, assis-
tive forces were effectively transmitted to the ankle. The
incorporation of plantarflexor and dorsiflexor assistance
within the soft exosuit exhibited promising outcomes in
terms of enhancing walking speed and distance for post-
stroke patients. Furthermore, an appropriately designed
exosuit holds the potential to reduce the energy expendi-
ture associated with walking in healthy individuals. In
Fig. 5h, a soft and lightweight exosuit was developed to
investigate the physiological and biomechanical effects
associated with the hip flexion support (Kim et al. 2022).
By employing human-in-the-loop optimization, it was
found the exosuit can significantly reduce the energy
expenditure associated with walking, achieving a nearly
50% decrease in mechanical power compared to exist-
ing state-of-the-art exosuits. The findings indicate that a
tethered exosuit specifically designed to assist hip flexion
can effectively lower the metabolic rate during walking by

Page 14 of 34

approximately 15.2 + 2.6% when compared to unassisted
walking. This reduction is equivalent to a 14.8% decrease
in metabolic rate compared to walking without the exo-
suit. To provide assistance for individuals with limb
impairments, prosthetics are designed to replace missing
or amputated body parts, allowing users to regain func-
tional mobility and perform daily tasks. These devices are
typically custom-made to closely match the user’s anat-
omy and can be controlled through various mechanisms,
such as muscle signals or sensory feedback. With ongo-
ing technological advancements, these assistive devices
are anticipated to become more sophisticated, custom-
izable, and seamlessly integrated with the human body,
ultimately enabling individuals to overcome physical
limitations and achieve greater independence (Valle et al.
2021; Jean Won Kwak et al. 2020; Zhuang et al. 2019).

VOC detection
Optical VOC gas identification
Volatile organic compounds (VOCs) are gases that are
released from various sources, such as chemicals, clean-
ing agents, building materials, and human bodies (Gal-
styan et al. 2021; Lim et al. 2021). The use of VOC gases
in the breath as a diagnostic tool is a promising area of
research. There is evidence to suggest that changes in the
levels and types of VOC gases in breath can be indica-
tive of various diseases and conditions, as shown in
Fig. 6a (Binson and Subramoniam 2022; Wilson 2018).
For instance, some studies have shown that VOC gases in
breath can be used as biomarkers for the early detection
of lung cancer (Hakim et al. 2012). Specific VOCs, such
as benzene, toluene, and ethylbenzene, are elevated in the
breath of lung cancer patients (Jalal et al. 2018). Changes
in the levels of certain VOCs, such as ethane and pen-
tane, have been associated with asthma (Peel et al. 2020).
These VOCs are thought to be produced by oxidative
stress in the airways and their levels have been shown to
increase during asthma exacerbations. VOCs in breath
can also be used as biomarkers for the detection and
monitoring of diabetes (Behera et al. 2019). Changes in
the levels of certain VOCs, such as acetone and isoprene,
have been associated with diabetes and its complications.
One of the challenges in using VOC gases in breath-
ing for disease diagnosis is the complexity and variabil-
ity of the breath sample itself (Yan and Zhou 2022). The
composition of exhaled breath can be affected by various
factors, such as diet, age, smoking status, and medication
use, which can make it difficult to identify disease-spe-
cific VOC signatures (Binson and Subramoniam 2022).
In addition, the detection and measurement of VOCs in
breath can be challenging due to the low concentration
of many of these compounds, the presence of interfer-
ing compounds, and the need for sensitive and accurate
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detection methods. The development of ultrasensitive
and selective VOC gas sensors is the key to facing these
challenges. There are many methods available for the
detection of VOCs, including electric and optical sen-
sors (Khatib and Haick 2022). The key factors to evalu-
ate a VOC gas sensor include 1) Sensitivity: which refers
to its ability to detect low levels of VOCs in the air. High
sensitivity is important for detecting trace amounts of
VOC:s that may be indicative of diseases (Wang, J.X. et al.
2020b); 2) Selectivity: Selectivity refers to the ability of a
VOC gas sensor to distinguish between different types
of VOCs. This is important because different VOCs can
have different health effects and environmental impacts
(Miah et al. 2022); 3) Response time: The response time
of a VOC gas sensor refers to the time it takes for the
sensor to detect changes in VOC concentration in the air.
A fast response time is important for real-time monitor-
ing of VOCs; 4) Stability and repeatability: The stability
and repeatability of a VOC gas sensor refer to its ability
to provide consistent and accurate readings over time
(Liu and Zhang 2021).

VOC detection by infrared (IR) spectroscopy is
advantageous (Lin and Xu 2020; Liu et al. 2021; Liu,
X. et al. 2022d; Zhou, J. et al. 2023b; Zhu et al. 2021).
Because it can not only detect the amount of VOC but
also identify its type, which is very important for the
diagnosis of diseases. However, the detection perfor-
mance of this method is limited due to the low molecu-
lar absorption cross-section (102° cm? per molecule
in the mid-infrared). The infrared plasmonic nanoan-
tenna is a type of artificially structured material that
has been engineered to operate at the nanoscale level
(Hui et al. 2021; Li, Dongxiao et al. 2021a; Xie et al.
2023; Xu, S. et al. 2022; Zhou et al. 2018; Zhou, H. et al.
2019a, 2019b). This technique is capable of manipulat-
ing light at extremely high levels through the process
of exciting, localized surface plasmons, which creates
an ultra-strong near-field (Xu, C. et al. 2022; Zhou, H.
et al. 2020a; Zhou, H. et al. 2022a, 2022b). By trapping
VOC molecules in the near-field of the nanoantenna,
the IR absorption of these molecules can be amplified
through a phenomenon known as surface-enhanced
infrared absorption (SEIRA) (Liu, W. et al. 2022¢; Ren
et al. 2021; Xu et al. 2020). This is particularly useful
since VOC molecules typically have a low IR absorp-
tion cross-section. A notable example of this approach
was demonstrated by Hu et al. in 2019, who employed
graphene nanoribbons to excite surface plasmons and
detect the vibrations of multi-VOC gases, as shown in
Fig. 6b (Hu et al. 2019). The mechanism of gas adsorp-
tion involved the adsorption and accumulation of gas
molecules on the graphene layer through image attrac-
tion force and defect adsorption. The detection signal
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corresponded to a layer of gas molecules adsorbed on
the graphene surface at a concentration of 800 zepto-
moles per um?% The study was successful in detecting
several types of gas, including SO,, NO,, N,O, and
NO, with a response time of 1 minute. Future research
should focus on enhancing the crystal quality and
mobility of graphene, which would improve the qual-
ity factor and field enhancement effect of graphene
plasmons.

Surface-Enhanced Raman Scattering (SERS) is a potent
analytical method that employs metallic nanoparticles
to enhance the electromagnetic field, thereby amplifying
the Raman scattering signal of VOC molecules (Lee et al.
2019; Wong et al. 2014). Gas-selective-capturing materi-
als are critical in SERS-based VOC gas detection due to
their benefits (Ly et al. 2021; Song et al. 2021). Firstly,
these materials enhance the concentration of the target
gas molecules, leading to an improved signal-to-noise
ratio of the SERS measurement. The capturing materials
allow the gas molecules to be concentrated in a small vol-
ume, resulting in a higher probability of interaction with
the SERS-active metal nanoparticles. Additionally, the
capturing materials facilitate a stable environment for the
SERS measurement, preventing the target gas molecules
from diffusing away from the detection region. Secondly,
these materials improve the selectivity of the detection
system by designing specific binding sites that can selec-
tively recognize the target gas molecules based on their
chemical properties, such as size, shape, and functional
groups. The gas-selective-capturing materials can exist as
porous materials, such as zeolites, metal-organic frame-
works (MOFs), and porous polymers, or as surface-func-
tionalized metal nanoparticles. For instance, Qiao and
co-workers (Qiao et al. 2018) demonstrated a MOF-based
SERS platform for VOC gas detection (Fig. 6¢-i). To
improve the adsorption of gaseous biomarkers for early
detection of lung cancer, a ZIF-8 layer is applied onto the
self-assembly of gold super-particles (GSPs) to reduce
the flow rate of the gaseous biomarkers and to decrease
the decay of the electromagnetic field around the GSP
surfaces (Fig. 6c-ii). The gaseous aldehydes, which are
indicators of lung cancer, are directed onto SERS-active
GSPs substrates through a ZIF-8 channel. The gaseous
aldehydes are then captured through a Schiff base reac-
tion with 4-aminothiophenol pregrafted onto gold GSPs,
resulting in a detection limit of 10 ppb. Combined with a
machine learning algorithm, the platform can distinguish
between lung cancer and healthy lung breath (Fig. 6c-iii,
iv, v), which can be used as an in vitro diagnostic tool for
early-stage lung cancer.
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Electronic VOC gas detection

The technique of detecting VOCs using electrical signal
output has gained significant interest due to the lack of
necessity for light sources and detectors. Representative
methods include acoustic wave devices (AWDs) based on
the piezoelectric effect (Chen et al. 2018; Dou et al. 2018;
Zhang et al. 2018), semiconductor metal oxide (Lin et al.
2019), and two-dimensional materials (Sun et al. 2018).
The AWD typically consists of a piezoelectric substrate
and a sensing film that is coated on the surface of the
substrate (McGinn et al. 2020). When an electrical sig-
nal is applied to the piezoelectric substrate, it generates
an acoustic wave that propagates through the substrate
and the sensing film. The sensing film is designed to
selectively interact with specific gas molecules, causing a
mass-loading effect that alters the resonant frequency of
the device. As VOCs interact with the sensing film, they
are adsorbed onto the surface, causing a change in the
mass of the film, and altering the resonant frequency of
the device, referred as to the gravimetric sensing mecha-
nism. This change in frequency is detected and measured
by the device, providing information about the pres-
ence and concentration of the VOC:s. For instance, Lu et
al. (Lu et al. 2015) conducted a study where they devel-
oped four film bulk acoustic resonators (FBARs) with
an ultrahigh operating frequency of 4.4 GHz to detect
VOC gases (Fig. 7a-i, ii, iii). Each resonator was coated
with a different supramolecular monolayer as the sensing
film, namely p-tert-butyl calixarene (Calixarene), 2, 3, 7,
8,12, 13, 17, 18-octaethyl-21H, 23H-porphine (Porphy-
rin), B-cyclodextrin (B-CD), and cucurbituril (CB). The
supramolecular monolayer coatings facilitated fast and
reversible detection of VOCs by allowing the monitoring
of the gas-phase “host-guest” interaction with the high-
frequency FBAR sensor vibrating at 4.4 GHz (Fig. 7a-iv,
v). This study highlights the potential of supramolecular
coatings to enhance the performance of sensors for gas
detection applications. Notably, gas selective adsorption
films play a crucial role in gas sensors, offering several
primary functions and benefits (McGinn et al. 2020). First
and foremost, these films are designed to enhance selec-
tivity. Through tailoring their composition, gas selective
adsorption films exhibit a strong affinity for the specific
gas species of interest, ensuring that only the desired gas
molecules are adsorbed. This selectivity enhancement

(See figure on next page.)
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enables the sensor to accurately detect and quantify the
target gas. Furthermore, gas-selective adsorption films
contribute to sensitivity improvement. By preferentially
adsorbing the target gas molecules onto their surface,
these films amplify the sensor’s sensitivity, allowing for
the detection of even trace amounts of the gas. Addi-
tionally, these films aid in mitigating interference caused
by other gases present in the surrounding environment.
They are engineered to minimize or suppress the adsorp-
tion of interfering gases, thereby reducing their impact
on the sensor’s accuracy and specificity. Finally, gas selec-
tive adsorption films are characterized by their stability
and repeatability in gas adsorption. Their engineered
composition ensures long-term stability and revers-
ibility, enabling consistent and reliable performance of
the gas sensor over-time. Semiconducting metal oxides
(SMOs) are widely used for VOC detection due to their
high sensitivity and low cost (Steinhauer 2021). The basic
mechanism of SMO sensors for VOC detection involves
the change in the electrical conductivity of the sensor
material in the presence of target VOC molecules. The
sensor material is typically a metal oxide, such as tin
dioxide (SnO,) (Fazio et al. 2021), tungsten oxide (WO,)
(Modak et al. 2023), or zinc oxide (ZnO) (Pargoletti and
Cappelletti 2020), that is highly sensitive to changes in
the ambient environment (Ou et al. 2022; Pargoletti and
Cappelletti 2020). When the sensor material is exposed
to VOCs, the molecules are adsorbed onto the surface
of the metal oxide, leading to a change in the electrical
conductivity of the sensor material. This change in con-
ductivity is due to the interaction between the adsorbed
molecules and the free electrons in the metal oxide lat-
tice. The presence of VOCs increases the number of free
electrons, which in turn increases the conductivity of the
sensor material. The change in conductivity can be meas-
ured by applying a small voltage across the sensor mate-
rial and measuring the resulting current. The magnitude
of the current is proportional to the concentration of the
target VOC in the ambient environment. By monitor-
ing the change in conductivity over time, the sensor can
detect the presence of VOCs and provide information
on their concentration. For instance, Li et al. (Li et al.
2017) prepared SnO, microspheres for formaldehyde
gas sensing by a simple hydrothermal method (Fig. 7b-
i, if). Upon exposure to the testing gas atmosphere, the

Fig. 7 Electric methodology for VOC gas detection. a VOC gas detection using acoustic resonators based on the gravimetric mechanism (Lu et al.
2015). i: Schematic of the FBAR sensor array functionalized with four supramolecular monolayers. ii: Schematic of the device section. iii: SEM image
of the device. iv: Schematic diagram of VOCs adsorption. v: Real-time responses of the FBAR sensor with exposure to chloroform gas. vi: Adsorption
isotherms of chloroform. b VOC gas detection using semiconducting metal oxide (Li et al. 2017). i: A Reaction mechanism of the sensor for HCHO
detection. ii: SEM images of as-synthesized SnO, microspheres. iii: Dynamic response-recovery curve of the SnO, microspheres gas sensor.
Machine learning-enabled graphene electronic nose for VOC gas detection (Capman et al. 2022). i: Schematic of the ML-enabled sensor system. ii:
PCA score plots showing the projection of the measured responses onto principal components 1 and 2. iii: Confusion matrix
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sensor surface absorbed oxygen species which in turn
captured free electrons from the sensing materials. This
process resulted in the ionization of SnO, microspheres
to adsorbed oxygen ions at grain boundaries. The results
show that the sensor has a response value of 38.3 to 100
ppm formaldehyde at an operating temperature of 200
°C, and the detection limit reaches 1 ppm (Fig. 7b-iii).

To enable accurate measurement of multiple gases, the
combination of diverse gas-sensing films and an array
design assisted by artificial intelligence algorithms shows
great potential (Barucha et al. 2022; Yang et al. 2018).
Capman et al. (Capman et al. 2022) demonstrated the
selective and rapid detection of multiple VOCs using
graphene-based variable capacitor arrays (Fig. 7c). The
functionalization of graphene with different chemical
acceptors enabled the development of arrays containing
108 sensors with 36 chemical receptors for cross-selec-
tivity. Multiplexer data acquisition from 108 sensors was
achieved in tens of seconds, allowing for rapid measure-
ment of the VOCs. Despite the reduced signal amplitude
associated with the rapid measurement, the method
demonstrated a significant 98% accuracy in the detection
of the five tested analytes (ethanol, hexanal, methyl ethyl
ketone, toluene, and octane). The addition of 1-octene, an
analyte with a structure highly like octane, resulted in a
slightly reduced accuracy of 89%. These findings suggest
the potential of graphene-based varactor arrays for the
selective and rapid detection of multiple VOCs at differ-
ent concentrations.

In addition, optical and electrical VOC detection meth-
ods have their own strengths. Optical methods for VOC
gas detection offer high sensitivity, excellent selectiv-
ity, and fast response times (Khan et al. 2020). They are
capable of detecting low gas concentrations in the parts
per billion (ppb), making them suitable for applications
requiring high sensitivity. The use of specific wavelengths
of light allows for the discrimination of target gases from
interfering gases, enhancing selectivity. Optical meth-
ods also provide real-time or near real-time monitoring
capabilities, with response times typically in the order
of seconds or milliseconds. However, they may be sus-
ceptible to interference from environmental factors and
can be costlier due to specialized optical components.
On the other hand, electrical methods exhibit good sen-
sitivity in the parts per million (ppm) range and offer

(See figure on next page.)
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flexibility in sensor design (McGinn et al. 2020). They
can be integrated into compact and portable devices,
allowing for personal monitoring or handheld applica-
tions. While electrical methods may have slightly lower
sensitivity compared to optical methods, they can com-
pensate with the use of sensor arrays and pattern rec-
ognition techniques to enhance selectivity. Electrical
methods generally have faster response times and can be
more resilient to environmental interferences. However,
they may require periodic calibration or replacement of
sensing materials, and their selectivity may be limited for
individual sensors. Ultimately, the choice between opti-
cal and electrical methods depends on specific applica-
tion requirements, target gas characteristics, and cost
considerations.

Al-enhanced VOC platform

AI algorithms are becoming increasingly important for
VOC gas detection because of their benefits for VOC
sensors (Haripriya et al. 2023; Lekha and Suchetha 2021;
Lotsch et al. 2019; Mahmood et al. 2023; Thrift et al. 2019;
Zhou et al. 2021; Zhou, H. et al. 2023a). First, the use of
machine learning algorithms facilitates the automated
design of volatile organic compound sensors, thereby
eliminating the need for arduous and time-consuming
design processes. This is exemplified in the design of SEI-
RA’s antenna, which involves the analysis of the analyte
molecule’s infrared spectrum and the subsequent selec-
tion of an appropriate antenna structure to match molec-
ular vibrational frequencies. The design process involves
critical and repetitive optimization procedures, includ-
ing the selection of structural shapes, tuning of antenna
dimensions, and consideration of nanofabrication limi-
tations. Al-assisted design systems efficiently handle
these tasks, leading to more effective and efficient design
outcomes. For instance, Li and co-workers (Li, D. et al.
2021a, 2021b) developed a sensitive SEIRA substrate for
COVID-19 detection using a genetic algorithm (GA)-
based Al approach in 2021 (Fig. 8a-i). The currently avail-
able COVID-19 diagnostic methods, such as RT-PCR,
serological tests, or chest computed tomography scans,
have their limitations, such as low sensitivity and time-
consuming procedures. The development of plasmonic
methods for point-of-care diagnostics is highly desirable.
The GA-based Al approach employed molecular complex

Fig. 8 Artificial intelligence-enhanced sensor design and VOC detection. a Machine learning-enabled forward design of sensors (L, D. et al.
2021b). i: 3D view of the sensor. ii: Design process. b Inverse design of sensors using a semi-supervised deep learning algorithm (Ma et al. 2019).

i A schematic of inverse design. ii: The desired spectra (upper panel), the results of inverse design (lower panel). Insets are the design pattern
through algorithms. iii: Visualization of the latent space. ¢ Machine learning-enabled VOC detection (Ren et al. 2022). i: A diagram illustrating

the VOC sensor. ii: The measured spectra of analytes, show spectral overlapping, which is difficult to distinguish clearly with the classic data
processing methods. iii: The measured raw spectral data. iv: Data preprocessing using PCA. v: The weight of scores of each spectrum in 3D space. vi:

The confusion map for analyte classification results
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permittivity extraction from the infrared spectrum as
the first step for modeling the vibrational behavior of
molecules. Subsequently, the GA rapidly identified the
optimal solution with high sensitivity, zero detuning of
plasmonic resonance and molecular vibration, and high
enhancement factor from multi-design parameter prob-
lems (Fig. 8a-ii). Additionally, SEIRA methods can dif-
ferentiate the mutation of COVID-19, which presents a
significant challenge to conventional diagnostic methods,
by comparing the intensity and frequency of virus peaks.

In addition to the forward design described above,
the AI algorithm can also be used in the reverse design,
resulting in a reduced amount of training data through
the utilization of both labeled and unlabeled data (Liu
et al. 2018). Ma et al. (Ma et al. 2019) present a unique
network for an inverse design that utilizes predefined
distribution-based latent variables to encode the struc-
tural design and optical responses from input geometry
(Fig. 8b-i). The latent variables can be randomly sampled
and decoded to reconstruct the original structural geom-
etry, thus enabling inverse design. The simulated spectra
obtained from the inverse design parameters (middle
and bottom pane in Fig. 8b-ii) closely match the required
spectrum (upper panel). The sampling process produces
various outputs for the same target spectrum, generat-
ing multiple candidates for reverse design. Moreover, the
proposed model can learn to differentiate between vari-
ous shapes via encoding-decoding training iterations on
both labeled and unlabeled data (Fig. 8b-iii).

Al algorithms can facilitate the analysis and process-
ing of data by VOC sensors in a prompt, direct, and
automated manner (John-Herpin et al. 2021; Kuhner
et al. 2019). This relieves the pressure caused by massive
spectral data through dimensionality reduction. In real-
time monitoring applications, the output data consists
of three-dimensional information, encompassing spec-
tral intensity, wavelength, and time. If multiple analytes
are targeted, the information becomes four-dimensional,
with category information included. This leads to a con-
siderable volume of spectral data that optical methods
struggle to analyze and process accurately and quickly.
PCR, among other ML algorithms, can reduce the dimen-
sionality of information while preserving features. This
leads to a decrease in the amount of data, simplification
of data processing, and prompt generation of test results.
As technological advancements in sensors and the num-
ber of gases continue to increase, it is foreseeable that
data volume will inevitably rise. Therefore, dimensional-
ity reduction of spectral data using ML algorithms is an
invaluable aid to VOC sensors. Ren et al. (Ren et al. 2022)
designed a hook-shaped nanoantenna array that uti-
lizes wavelength multiplexing for continuous broadband
detection of multiple absorption peaks in the fingerprint
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region (Fig. 8c-i). The SEIRA spectra of different ana-
lytes with similar functional groups tend to overlap in
many regions, resulting in difficulty distinguishing them
in mixtures with narrow-band SEIRA substrates (Fig. 8c-
ii). However, through the integration of PCA and SVM
algorithms, the authors have achieved 100% recognition
accuracy for the identification of methanol, ethanol, and
isopropanol, as demonstrated in Fig. 8c-iii-vi. Proper
preprocessing techniques are employed to convert raw
sensor data into a format that is more appropriate and
informative for the learning algorithm (Guo, K. et al.
2021a). The preprocessing of sensor data involves several
key steps. Firstly, data cleaning is performed to address
missing data, outliers, and noise in the sensor readings.
Missing data can be handled through techniques such as
mean imputation, interpolation, or specialized machine-
learning algorithms designed for handling missing data.
Secondly, data normalization or scaling techniques, such
as min-max scaling or z-score normalization, are applied
to address variations in scales and ranges observed in
sensor data, as these can impact the performance of
machine learning models. By bringing all features to a
similar scale, these techniques ensure that no single fea-
ture dominates the learning process. Additionally, feature
selection or extraction methods are employed to iden-
tify the most relevant features from the potentially large
number of features present in sensor data. Techniques
such as correlation analysis, mutual information, or fea-
ture importance measures are commonly used for this
purpose. Finally, the preprocessed sensor data is divided
into training, validation, and testing sets. The training set
is utilized for training the machine learning model, the
validation set assists in tuning hyperparameters, and the
testing set is employed to evaluate the final performance
of the trained model. Overall, the advances in artificial
intelligence techniques offer the promising potential to
enhance VOC sensors through rapid sensor design and
automated data processing, thus enabling them to effec-
tively address the challenges of the future. Besides, physi-
cal knowledge can improve the algorithm’s performance
and reduce the difficulty of optimization. For instance,
Khatib et al. demonstrated that incorporating knowl-
edge of the underlying physics as input and pre-training
these quantities during the training process holds the
potential to enhance network performance and mitigate
the challenges associated with optimization (Khatib et al.
2022). The model’s ability to accurately predict the spec-
trum of interest, as evidenced by its agreement with the
target spectrum, serves as a testament to the efficacy of
deep neural networks in optimizing the design of VOC
gas sensors. Furthermore, the Mean Squared Error com-
puted for the cross-validation set post-training serves as
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a valuable metric for assessing the prediction accuracy of
the model.

Human-machine interfaces

The rapid development of sensor technology has been a
driving force behind Industry 4.0 (Wang, T. et al.2018c;
Zhou et al. 2015; Zhu et al. 2019). Sensors that can detect
and respond to physical stimuli or chemical variations
have enabled various systems, like cameras for visual
sensing and microphones for voice recognition, to col-
lect and process data in real-time. MEMS-based sensors,
such as accelerometers, gyroscopes, pressure sensors,
tactile sensors, and biosensors, have found extensive use
in numerous applications, particularly in wearable elec-
tronics, due to their numerous advantages, including
small size, low power consumption, low cost, high reli-
ability, and robustness (Erdil et al. 2022; Liu et al. 2013;
Manvi and Mruthyunjaya Swamy 2022; Pitchappa et al.
2015; Yazici et al. 2020). The integration of Al data ana-
lytics with wearable sensors allows for the capture of
crucial information, such as muscle deformation, joint
bending, temperature changes, and heartbeat frequency.
This data is invaluable for a wide range of applications,
encompassing healthcare, environmental monitoring,
human-machine interactions (HMI), and smart city. By
harnessing advanced sensor technology and Al data ana-
lytics, wearable devices can offer real-time insights, facil-
itating smarter decision-making and enhancing efficiency
across various applications (Han et al. 2018; Liu, H. et al
2020b; Wang, Y. et al., 2021).

Tactile sensor

The subsequent examples aim to emphasize the signifi-
cance of incorporating tactile sensors. As illustrated in
Fig. 9a (Sundaram et al. 2019), Sundaram et al. propose
an affordable and scalable tactile glove (STAG) capable of
object identification, weight estimation, and hand pose
recognition. The STAG comprises a sensing sleeve with
584 piezoresistive sensors, a knit glove, and readout elec-
tronics that utilize the ResNet-18 architecture to train the
model and ultimately recognize 26 distinct objects. These
methods demonstrate that a substantially larger amount
of information becomes available for examining interac-
tions at a more profound level, thanks to the advance-
ments in flexible electronic components and the support
of DL techniques, thus facilitating the future design and
development of next-generation wearable electronics and
systems.

As portrayed in Fig. 9b, Li et al. develop a flexible quad-
ruple tactile sensor that enables a robotic hand to per-
ceive grasped objects of varying materials and shapes
and further employs a multilayer perceptron (MLP)
with three hidden layers to achieve automatic waste
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classification. The design of the tactile sensor includes
two sensing layers, each with two sensing elements,
enveloping a porous silver nanoparticle-infused polydi-
methylsiloxane (PDMS). The top and bottom hot films
respond to the thermal conductivity of the object touched
and the pressure exerted respectively, influenced by the
varying thermal conductivity of diverse materials and
the change in thermal conductivity of porous substances
caused by deformation. The cold films serve as local tem-
perature sensors, identifying objects and environmental
temperatures. The tactile sensors can detect multiple
stimuli simultaneously with negligible cross-coupling
errors, offering more insightful features related to the
objects and improving recognition precision during the
ML process. Hence, it proves its potential in substantially
lessening the load on individuals for environmental pro-
tection and sustainable progress in smart homes.

Al-enhanced HMIs

In comparison to conventional and prevalent resistive
and capacitive sensors, piezoelectric sensors and tribo-
electric sensors can generate self-produced voltage upon
mechanical deformation, removing the need for external
power sources. Zhou et al. propose a TENG strain sen-
sor based on a distinctive yarn structure, as depicted in
Fig. 9c (Zhou, Z. et al. 2020b). The core of the sensor
unit comprises a conductive yarn wrapped around a rub-
ber microfiber, all of which are housed within a PDMS
sleeve. Various degrees of deformation induce a steady
and ongoing change in the contact surface between the
PDMS sleeve and the coiled conductive yarn, granting
the sensor remarkable linearity and sensitivity across
a wide strain range (20-90%). Once a wireless printed
circuit board (PCB) is integrated for signal collection,
processing, and transmission, a wearable sign-to-speech
conversion system can be developed using the multi-class
SVM algorithm. The system maintains an overall preci-
sion above 98.63% and exhibits a quick response time
(less than 1 second). This shows an economical approach
to enable communication between individuals who use
sign language and those who do not, and it also high-
lights the potential use of TENG-based HMI in health-
care settings.

In addition, a low-cost, self-powered, and intuitive
glove-based HMI is developed by combining super-
hydrophobic triboelectric textile sensors with ML, as
shown in Fig. 9d (Wen, E. et al. 2020a, 2020b, 2020c).
This innovative design allows for complex gesture recog-
nition and control in both real and virtual spaces while
minimizing the negative effects of humidity and sweat
on performance. A carbon nanotubes/thermoplastic
elastomer (CNTs/TPE) coating method is used to cre-
ate superhydrophobic textiles, resulting in improved
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energy harvesting and human motion sensing capabili-
ties. This textile has a quicker recovery time from high-
humidity environments, threefold boosted triboelectric
performance, and better biomechanical energy scav-
enging compared to pristine textiles. The glove-based
HMI, enhanced with machine learning, demonstrates a
high recognition accuracy of 96.7%, outperforming non-
superhydrophobic systems (92.1%). It also maintains 80%
voltage output even after an hour of exercise. The devel-
oped glove interface has been successfully applied to var-
ious virtual reality/augmented reality (VR/AR) controls,

including shooting games, baseball pitching, and flower
arrangement.

Moreover, glove-based gesture recognition systems
hold great potential for assisting the speech and hear-
ing impaired, particularly in sign language recognition.
Al-enhanced glove systems can effectively recognize and
translate various sign language gestures in real time, facil-
itating seamless communication for the speech and hear-
ing impaired. Additionally, these advanced systems can
be further refined by training them on diverse and exten-
sive datasets, improving their accuracy and recognition
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capabilities for a universal platform to recognize complex
gestures in various applications. Therefore, as shown in
Fig. 9e Wen et al. demonstrate a sign language recogni-
tion and communication system based on smart glove
sensors (Wen, F. et al. 2021). The deep learning algo-
rithm initially identifies word components, followed by
the reconstruction of the original sentences, achieving
respective accuracies of 82.81% and 85.58%. In addition,
the segmentation method opens new avenues for recog-
nizing novel or previously unseen sentences. Specifically,
recognized word units can be reorganized into a differ-
ent sequence to construct fresh sentences. Concurrently,
the deep learning model identifies all fundamental word
elements in the new sentence and suggests an appropri-
ate translation. This way, sentences not included in the
training dataset can be recognized. Lastly, sentence rec-
ognition results are visualized in a virtual space where
sign language users can communicate using their familiar
language, while non-signers can directly input via their
controlled VR interface. This breakthrough in recogniz-
ing both existing and new sentences enhances the prac-
ticality of sign language recognition systems, marking
a significant step towards minimizing communication
obstacles between sign language users and non-signers.

Al-enhanced multimode sensor

Multimodality offers numerous benefits, including
improved accuracy, redundancy, complementary infor-
mation, adaptability, robustness, enhanced functionality,
and scalability (Sun et al. 2021; Shih et al.,, 2020). These
advantages make smart sensor systems an essential com-
ponent of various fields, such as robotics, environmental
monitoring, healthcare, and security, where reliable and
comprehensive information is vital for effective decision-
making and performance, allowing smart homes to make
informed decisions and customized actions. As depicted
in Fig. 10a (Wang, M. et al. 2020a, 2020b, 2020c), a bioin-
spired data fusion architecture was crafted to carry out
human gesture recognition, combining visual data with
somatosensory data from skin-like stretchable strain
sensors. The strain sensors were fabricated from single-
walled carbon nanotubes, and the learning architecture
utilized a CNN for visual processing, succeeded by a
sparse neural network for sensor data fusion and rec-
ognition at the feature level. This method of data fusion
achieves a stellar recognition accuracy of 100%, while
maintaining this accuracy under less than non-ideal
conditions for the image sensor, such as noise, under-
exposure, or over-exposure. The illustration of robot nav-
igation via hand gestures showcases the stability of this
data fusion method with an error margin of 1.7% under
regular illumination and 3.3% in darkness.
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Additionally, a novel method of data fusion from multi-
ple sensors using a hierarchical SVM (HSVM) algorithm
is presented in Fig. 10b (Liang et al. 2019). It employs an
innovative learning system, merging radar technology
to track the movements of the hand and fingers, along
with a versatile array of pressure sensors, determining
the pressure distribution surrounding the wrist. With
the aim of efficiently amalgamating diverse data types,
we designed the HSVM framework. It considers various
factors including the sampling rate, data architecture,
and intricate gesture data from the pressure sensors and
radar. Upon analyzing the datasets collected from a wide
range of 15 participants, it was observed that standalone
radar technology resulted in a decent average classifica-
tion accuracy of 76.7%, while the pressure sensors alone
clocked an accuracy of 69.0%. However, a significant
improvement was noticed when the HSVM algorithm
was implemented, as it combines the outputs from both
the pressure sensors and radar, pushing the classification
accuracy rate to a commendable 92.5%.

Furthermore, a bioinspired olfactory-tactile (BOT)
associated machine-learning architecture was pro-
posed to achieve object recognition by processing mul-
timodal data and (Fig. 10c) (Liu, M. et al. 2022a). The
design structure linked with BOT is a combination of
a CNN, an MLP, and a neural network that makes deci-
sions. The task of the CNN in this structure is to gener-
ate a 512-dimensional feature vector that corresponds
with pressure data. Conversely, the multilayer neural
network is designed to create a 100-dimensional fea-
ture vector that aligns with olfactory data. These two
feature vectors are then merged by the decision neural
network into a 612-dimensional feature vector, which
then carries out the associated learning to accomplish
high-precision object recognition. This process corrob-
orates the assertion that merging multimodal data from
various sensor types and machine learning algorithms
can lead to the development of a high-accuracy, toler-
ant learning system. Such a system is well-suited for
tasks involving high-precision object recognition and
decision-making in complex environments. Figure 10d
shows a minimalist, low-power, and multimodal non-
contact HMIs by combining a MEMS humidity sensor
and a triboelectric sensor (Le et al. 2022). Current non-
contact HMIs grapple with challenges including exces-
sive power consumption, complicated signal processing
circuits, and an absence of support for multidimen-
sional interaction. However, this new HMI overcomes
these problems by fusing complementary information
from both sensors. The MEMS humidity sensor, featur-
ing an aluminum nitride (AIN) bulk wave resonator and
a graphene oxide (GO) film, is ultra-tiny and has high
signal strength and low signal noise levels, which allows



Wang et al. Bioelectronic Medicine (2023) 9:17

Page 25 of 34

r
(a) Somatosensory PA
Somatosensory AA
—
- 1= L
) > —
\ "«wsum PA —_— —_— : 5
Visual N »
receptor ¢ \ f » I 5
g — — -
esrisity A\ s Visual AA - f— I —
receptor / § — I
oS E —
& —
/ / Feedback b
Skin-lie electronic | / -
- o PA AA Multisensory
Sensory processing hierarchy Fusion
______ .
1
(b) {(c)
Sensors  Data fusion using hierarchical SyM ~ End-user
’ application
Fingers
ngers @
Y7
a EX
o~ i
Radar =
53 | 13 \
)t NS ey o/ 1 LS.
. sensor1 =
| sensor 2 il Proprocess (@) [SHN
Pressure sensor 3 = e
sensors - @

(b) Hydrophilic
of

v ‘?t 2]

- £

)
Triboelectric
signal h\

Vottage

l Frequency shift

Frequency

€t ~ 7%

Sound barrier
Supporting case
PMUT chip.

(i) urtrasonic remote sensor

e
xy plane scanning;

Zzaxis.

Utrasonic outputs

. (i) Bending-TENG sensor

2. zaxis
‘movement

, () e
@Q $ —— L ] l
Finger bending
| Nifabric DR rakakg & ‘
b contmd pear I~
i gear stip . u'g: Object distance positioning
(iii) Tactile-TENG sensor 5 E
LN 7 [
Grasp & object recognition
(multimodality data fusion)

Fig. 10 Multimodal sensors and ML-base data fusion. a Bioinspired data fusion architecture by integrating visual data with somatosensory data

from skin-like stretchable strain sensors (Wang, M. et al. 2020a, 2020b, 2020c). b HSVM algorithm for radar and pressure sensors (Liang et al. 2019). ¢
A mole-inspired olfactory-tactile-associated ML architecture (Liu, M. et al. 2022¢). d A multimodal noncontact HMI by combining a MEMS humidity
sensor and a triboelectric sensor (Le et al. 2022). e A soft robotic perception system that integrates an ultrasonic sensor with flexible triboelectric

sensors (Shi et al. 2023)

for continuous and stable interaction with a finger as it
approaches. The triboelectric sensor, composed of two
annular aluminum electrodes, promptly identifies fin-
ger movements in multiple directions. By combining
these sensors, the proposed interface can be used as
a game control interface for VR and a password input
interface for high-security 3D passwords, showing its
potential for a myriad of applications in the forthcom-
ing Metaverse. The humidity sensor delivers high sen-
sitivity, low signal noise, exceptional repeatability, and
swift response and recovery speed, while the triboelec-
tric sensor provides supplementary tracking of multi-
directional and dynamic finger movements. Future
applications could permeate into wearable domains in

the Metaverse, employing flexible or textile substrates
as the foundational platform.

Moreover, Shi. et al. developed a soft robotic per-
ception system that integrates an ultrasonic sensor
with flexible triboelectric sensors to achieve remote
object positioning and multimodal cognition (Fig. 10e)
(Shi et al. 2023). This system tackles the limitations
tied to traditional guidance systems that rely on cam-
eras or optical sensors, including challenges such as
poor adaptability to varying environments, elevated
data complexity, and cost inefficiencies. Employing
reflected ultrasound, the ultrasonic sensor discerns
the shape and distance of objects, thus empowering
the robotic manipulator to orient itself suitably for
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object capture. As the grasping phase unfolds, a com-
bination of ultrasonic and triboelectric sensors col-
lects diverse sensory data, such as the object’s upper
contour, dimensions, form, rigidity, and material
constitution. This data is subsequently merged and
analyzed via deep learning, resulting in a substantial
enhancement in object identification accuracy (up
to 100%). The proposed perception system offers a
straightforward, cost-effective, and efficient strategy
for amalgamating positioning capabilities with multi-
modal cognitive intelligence in soft robotics. It nota-
bly broadens the functionalities and adaptabilities of
current soft robotic systems in industrial, commercial,
and consumer applications, demonstrating immense
potential for automatic sorting, unmanned shops, and
healthcare assistance in the age of IoT and Al
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Al-enhanced self-sustainable system

In addition to glove sensors, the sensors attached to the
foot can provide valuable information for healthcare
and personal identification applications. TENG-based
devices on foot can combine the functions of energy
harvesting and gait analysis to create a self-powered
system (Aqueveque et al. 2020; Han et al. 2019). While
insoles have been commonly used for energy harvesting
and gait sensing, socks may provide a more comfortable
and flexible alternative, particularly for indoor scenarios
where shoes are not worn. As shown in Fig. 11a, Zhang
et al. developed smart socks based on TENG, which are
designed not only to capture and repurpose waste energy
generated by low-frequency body movements but also to
transmit sensory data wirelessly (Zhang, Z. et al. 2020).
Furthermore, these wearable sensors can collect and pro-
vide crucial information regarding the wearer’s identity,
health status, and activity level. The raw data collected
during a dynamic gait cycle is fed directly into a 1D CNN
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model for training, without complicated pre-processing
steps. Equipped with a multi-pixel sensor array, the smart
sock has the capacity to accumulate extensive infor-
mation from foot movements, enabling sophisticated
gait analysis and potentially boosting accuracy across
a broader cohort of users. A high accuracy of 93.54% is
achieved when identifying 13 individual gait patterns. By
employing deep-learning analysis, the smart socks have
the potential to foster safer and smarter environments
in smart buildings, eliminating the need for cameras and
microphones.

Beyond the use of smart socks for gait analysis, another
common technique involves using floor mat-based sen-
sors. Shi et al. propose a deep learning-enabled smart mat
(DLES-mat) array capable of position/activity sensing
and individual recognition, as shown in Fig. 11b (Shi, Q.
et al. 2020b). Since each person’s walking gait patterns are
unique, distinctive output voltage patterns are produced
when a person walks on the triboelectric DLES-mat array.
As an individual traverses the DLES-mat array, periodic
contact-separation motions from human steps gener-
ate triboelectric output signals on the two sensing elec-
trodes. The CNN-based deep learning model achieves a
high recognition performance with an accuracy of 96.0%.
The trained model holds significant potential for real-
time control based on the identity recognition of similar
gait patterns. The DLES-mat is portrayed as a digital twin
system in a virtual corridor environment that replicates a
real corridor, reflecting the real-time status of users. This
encompasses position sensing via peak detection and
individual recognition through deep learning prediction.
Contrasting with camera-based monitoring systems that
often provoke privacy concerns, this smart floor moni-
toring system employs a digital twin of the individual in a
virtual setting, displaying solely the position information
and recognized identity, which is crucial for automation,
healthcare, and security applications.

Moreover, Huang et al. a self-powered piezoelectric
AloT node, named iCUPE (Fig. 11c) (Huang et al. 2023).
Built around a three-dimensional (3D) hexahedral modu-
lar arrangement, the iCUPE embodies a self-sustainable
system with AloT capabilities. It incorporates six inter-
changeable modules, each serving a unique function and
strategically positioned on its six faces. These modules
include those for sensing temperature and humidity, a
Bluetooth communication module, a central unit for
processing data, and a frequency up-conversion piezo-
electric generator (FUC-PEG) module. The role of the
FUC-PEG module is to widen the frequency bandwidth
of the iCUPE, achieved by uniting a low-frequency piezo-
electric generator (LF-PEG) with a thick-film high-fre-
quency piezoelectric generator (HF-PEG). This module
transforms low-frequency inputs into high-frequency
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self-oscillations, thus generating an open-circuit voltage
of 48 V under conditions of low frequency. Remarkably,
the iCUPE, without requiring an external power sup-
ply, is competent at capturing vibrational signals in its
environment, thereby yielding preliminary data points
such as frequency and acceleration. A self-powered tri-
axial piezoelectric sensor (TPS) combined with machine
learning integrates three orthogonal piezoelectric sensing
units using low-frequency piezoelectric generators (LF-
PEGs). This integration enables high-precision, multi-
functional vibration recognition with resolutions of 0.01g
for acceleration, 0.01 Hz for frequency, and 2° for tilting
angle. Consequently, the TPS can achieve high recogni-
tion accuracy, ranging from 98% to 100%.

In response to the needs of the global elderly popula-
tion and those with mobility impairments - a demo-
graphic that has already surpassed one billion and
continues to rise - a multifunctional walking stick is pro-
posed, as depicted in Fig. 11d (Guo, X. et al. 2021b). This
innovative walking stick is comprised of two main func-
tional units: the hybridized unit and the rotational unit.
The hybrid module, with a top press TENG (P-TENG),
mid-positioned EMG, and bottom rotational TENG
(R-TENG), tracks pressure dynamics. The P-TENG,
layered with aluminum, nitrile, and Ecoflex, generates
variable voltages based on applied pressure. Its bot-
tom aluminum layer, split into five electrodes, records
the walking stick’s entire interaction with the ground,
from contact to release. Analyzing the P-TENG output
through a 1D-CNN deep learning structure, the stick
identifies five distinct movements (rising, sitting, walk-
ing, ascending, and descending stairs), evaluates three
separate statuses, and recognizes ten different users. The
R-TENG, on the other hand, flags unusual gait patterns,
like falls, by monitoring output signals. An Al-driven
virtual environment, designed to mimic real-world sce-
narios, accurately represents the user’s real-time motion.
The P-TENG and R-TENG’s output signals, collected by
an MCU module, are wirelessly sent to a computer for
interpretation. The deep learning model captures the
user’s live motion status at home and mirrors it in the vir-
tual environment. If a fall occurs, the anomaly is detected
immediately, allowing for a quick call for help. Different
from traditional indoor health surveillance systems, this
walking stick prioritizes privacy by focusing solely on the
user’s motion status as a health indicator. Its design cap-
tures the ultra-low-frequency movement of those with
mobility impairments, converting low-frequency linear
motion into high-speed rotation. The mechanical energy
harvested powers a self-sustaining IoT system with GPS
tracking, and environmental temperature and humid-
ity sensing capabilities, ensuring comprehensive user
monitoring. This innovative integration of AloT makes



Wang et al. Bioelectronic Medicine (2023) 9:17

Al-driven Decision Making

Page 28 of 34

'*&"
+ Disease prevention and management

A °,

«» Personalized healthcare

Multimodal Fusion

Body Sensor Network

2

2 | il

S a E

S ;‘; Al = Autonomous
= o_)igluj) robots

0}

2 loT 5G
w

Implantable electronics

Energy harvesters

NEMS/MEMS Robotics

Actuators

Flexible sensors

Self-powered
Sensors

Passive sensors

Closed-loop System

+ Prediction and early warning
+ Medical big data analysis
+ Precision therapy

Smart home

Exoskeletons/prostheses

Sensor network

6G

. ’
10T Sensin,

Motion 5 &y <

Detection & Temperature

™% 00 wumiary 2
,#\ GPS. o = l,, =
Gait . B , f o
Identity & Abnormity M§" ’ %
Recognition Detection T

s ? ” ANY !Z' :

" R S

A\ O o g g

g = €300 X ‘

- o'g % g &7 J

win LT e
x o e
e
- <38 1 £ e
S, ¥

Paim modie

AloT-Assisted Self-
sustainable Systems

Self-sustainable

loT systems

—>
Time

Fig. 12 An overview of technology evolution from discrete passive sensors to comprehensive and capable AloT-assisted self-sustainable systems
for diversified healthcare and biomedicine applications (Clevenger et al. 2021; Guo, X. et al. 2021b; He et al. 2019; Shi, Qiongfeng et al. 2020b; Shin
etal. 2020; Wen, Feng et al. 2020b; Wen, Feng et al. 2020c; Wen, Feng et al. 2021; Zhang, Z. et al. 2020; Zhu et al. 2022)

the walking stick an effective tool for mobility and health
monitoring.

Conclusion

In this review article, we have explored the advance-
ments and potential of Al-enhanced sensors in enabling
next-generation healthcare and biomedical platforms,
as shown in Fig. 12. Over the past few decades, there
has been significant progress in the development of
flexible sensors, which have demonstrated remarkable
capabilities in reliably monitoring vital biomedical and

physiological data, as well as daily activities. Concur-
rently, the emergence of energy harvesters and self-pow-
ered sensors has presented promising alternatives and
supplementary approaches in establishing a bodyNET
framework. This framework holds the potential to create
self-sustaining sensing systems characterized by energy
autonomy and extended operational lifespans. Mean-
while, notable advancements in the fields of flexible elec-
tronics and MEMS/ NEMS have fostered the progress of
implantable devices for sensing, neural signal recording/
modulation, and actuation. Moreover, with the advent
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of advanced wireless communication technologies such
as 5G and 6G, alongside the integration of IoT devices
and Al technology, an interconnected network known as
the AIoT becomes feasible. This network, coupled with a
cloud server infrastructure, facilitates the systematic col-
lection, storage, and analysis of data, enabling intelligent
decision-making processes. By leveraging the ongoing
advancements in materials, devices, and systematic inte-
grations, the vision of a comprehensive body sensor net-
work comprising sensors both inside and on the body, as
well as closed-loop systems, is within reach.

The integration of Al into sensor technologies holds
immense promise for the future of healthcare and bio-
medicine. One of the key benefits of Al-enhanced sensor
systems is the realization of personalized healthcare. By
continuously monitoring physiological parameters and
seamlessly integrating them with an individual’s medi-
cal history, Al algorithms can generate personalized
recommendations for disease prevention, early inter-
vention, and chronic disease management. In addition,
Al-enabled sensors can facilitate real-time monitoring
of vital signs, enabling rapid detection of abnormalities
and timely intervention, thus potentially saving lives.
Empowered by advanced therapeutic devices, such as
drug delivery patches and neural interfaces, closed-loop
sensing-therapy systems emerge as a promising plat-
form to provide enhanced benefits to patients suffering
from chronic diseases. Looking ahead, the future of Al-
enhanced sensors in healthcare and biomedicine appears
even more promising. The convergence of Al with self-
sustainable IoT systems will enable continuous and per-
vasive monitoring of an individual’s health status, both
inside and outside the body. The seamless integration
of sensors, Al algorithms, and wireless communication
technologies will empower patients to actively partici-
pate in their healthcare management, fostering a proac-
tive approach to well-being. Additionally, the widespread
adoption of Al in medical research and clinical practice
will promote the development of advanced therapeutics
and precision medicine tailored to individual patients.
However, the successful implementation of Al-enhanced
sensors in healthcare and biomedicine also raises sev-
eral challenges that should be carefully addressed.
Ensuring data privacy and security, addressing regula-
tory and ethical considerations, and developing robust
validation frameworks are critical for building trust
in Al-assisted systems. As Al-enhanced sensors col-
lect and process vast amounts of personal health infor-
mation, robust measures must be in place to safeguard
patient privacy and prevent unauthorized access or data
breaches. Given the role of these sensors in making
critical healthcare decisions, compliance with regula-
tory frameworks becomes even more crucial. Thorough
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validation processes are also imperative in establishing a
reliable and effective Al-assisted healthcare and biomed-
ical system. They should involve rigorous testing against
established standards, comparison with existing clinical
practices, and verification of performance across diverse
patient populations. Validation should encompass not
only the accuracy of Al algorithms but also their gen-
eralizability, robustness to variations in data, and inter-
pretability. Furthermore, continued advancements in
materials, miniaturization, power management, and
wireless communication will be essential to realize the
full potential of AI-enhanced sensors.

Abbreviations

Al Artificial intelligence

HMI Human-machine interfaces
AIOT Artificial intelligence of things
10T Internet of Things

VOC Volatile organic compounds
ML Machine learning

Acknowledgements
Not applicable.

Authors’ contributions

CW, HZ, TH, and CL designed the structure of this manuscript. CW, HZ, and TH
wrote the manuscript. CL edited and reviewed the final version of this manu-
script. All authors read and approved the final manuscript.

Funding

This work was supported by the Reimagine Research Scheme (RRSC) grant:
Scalable Al Phenome Platform towards Fast-Forward Plant Breeding (Sen-
sor) with project Nos. A-0009037-02-00 & A0009037-03-00); the Reimagine
Research Scheme (RRSC) grant: Under-utilised Potential of Microbiomes (soil)
in Sustainable Urban Agriculture; the Ministry of Education (MOE) grant:
Artificial Intelligence Circuits of Hybrid Integrated Photonics System (Al CHIPS)
with project No. A-0009520-01-00; the Advanced Research and Technology
Innovation Centre (ARTIC) grant: Al-assisted Infrared Nano-Opto-Surface
Enhanced-Sensor (IR-NOSES) Chips for Early-stage Diagnosis and Healthcare
Applications with project No. A-0005947-20-00.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
N/a.

Consent for publication
N/a.

Competing interests
The authors declare no competing interests.

Author details

'Department of Electrical and Computer Engineering, National University

of Singapore, 4 Engineering Drive 3, Singapore 117576, Singapore. *Center
for Intelligent Sensors and MEMS (CISM), National University of Singapore, 5
Engineering Drive 1, Singapore 117608, Singapore. *NUS Suzhou Research
Institute (NUSRI), Suzhou Industrial Park, Suzhou 215123, China. “NUS
Graduate School for Integrative Science and Engineering, National University
of Singapore, Singapore 117456, Singapore.



Wang et al. Bioelectronic Medicine (2023) 9:17

Received: 16 May 2023 Accepted: 17 June 2023
Published online: 02 August 2023

Reference

Aqueveque P, Germany E, Osorio R, Pastene F. Gait segmentation method
using a plantar pressure measurement system with custom-made
capacitive sensors. Sensors (Basel). 2020,20:656.

Arab Hassani F, Mogan RP, Gammad GGL, Wang H, Yen SC, Thakor NV, Lee C.
Toward self-control systems for neurogenic underactive bladder: a
triboelectric nanogenerator sensor integrated with a bistable Micro-
Actuator. ACS Nano. 2018;12:3487-501.

Ates HC, Nguyen PQ, Gonzalez-Macia L, Morales-Narvdez E, Guder F, Collins
JJ, Dincer C. End-to-end design of wearable sensors. Nat Rev Mater.
2022;7:887-907.

Awad LN, Kudzia P, Revi DA, Ellis TD, Walsh CJ. Walking faster and farther with
a soft robotic exosuit: implications for post-stroke gait assistance and
rehabilitation. IEEE O J Eng Med Bio. 2020;1:108-15.

Bai Z, HeT, Zhang Z, Xu'Y, Zhang Z, Shi Q, Yang Y, Zhou B, Zhu M, Guo J, Lee C.
Constructing highly tribopositive elastic yarn through interfacial design
and assembly for efficient energy harvesting and human-interactive
sensing. Nano Energy. 2022,94:106956.

Barucha A, Mauch RM, Duckstein F, Zagoya C, Mainz JG. The potential of vola-
tile organic compound analysis for pathogen detection and disease
monitoring in patients with cystic fibrosis. Expert Review of Respiratory
Medicine. 2022;16:723-35.

Beardslee LA, Banis GE, Chu S, Liu SW, Chapin AA, Stine JM, Pasricha PJ, Ghodssi
R. Ingestible sensors and sensing systems for minimally invasive diag-
nosis and monitoring: the next frontier in minimally invasive screening.
Acs Sens. 2020;5:891-910.

Behera B, Joshi R, Vishnu GKA, Bhalerao S, Pandya HJ. Electronic nose: a non-
invasive technology for breath analysis of diabetes and lung cancer
patients. J Breath Res. 2019;13:e135-41.

Binson VA, Subramoniam M. Exhaled breath volatile organic compound analy-
sis for the detection of lung cancer - a systematic review. J Biomimetics
Biomat Biomed Eng. 2022;56:17-35.

Borchers A, Pieler T. Programming pluripotent precursor cells derived from
Xenopus embryos to generate specific tissues and organs. Genes
(Basel). 2010;1:413-26.

Browder LB. Wide amplitude string galvanometer for direct recording. Rev Sci
Instrum. 1956;27:363-8.

Capman NSS, Zhen XV, Nelson JT, ChagantiV, Finc RC, Lyden MJ, Williams TL,
Freking M, Sherwood GJ, Buhimann P, Hogan CJ, Koester SJ. Machine
learning-based rapid detection of volatile organic compounds in a
graphene electronic nose. ACS Nano. 2022;16:19567-83.

Chao S, Ouyang H, Jiang D, Fan Y, Li Z. Triboelectric nanogenerator based on
degradable materials. EcoMat. 2020;3: €12072.

Chen, Zhang Y, Liang Z, Cao Y, Han Z, Feng X. Flexible inorganic bioelectron-
ics npj Flex Electron. 2020;4:2.

Chen C, Shang Z, Zhang F, Zhou H, Yang J, Wang D, Chen Y, Mu X. Dual-mode
resonant infrared detector based on film bulk acoustic resonator
toward ultra-high sensitivity and anti-interference capability. Appl Phys
Lett. 2018;112:243501.

Cheol Jeong |, Bychkov D, Searson PC. Wearable devices for precision medi-
cine and health state monitoring. IEEE T Bio-Eng. 2018,66:1242-58.

ChiYM, Jung T-P, Cauwenberghs G. Dry-contact and noncontact biopo-
tential electrodes: methodological review. IEEE Rev Biomed Eng.
2010;3:106-19.

ChoY, Park J, Lee C, Lee S. Recent progress on peripheral neural interface tech-
nology towards bioelectronic medicine. Bioelectron Med. 2020;6:23.

Clevenger M, Kim H, Song HW, No K, Lee S. Binder-free printed PEDOT
wearable sensors on everyday fabrics using oxidative chemical vapor
deposition. Sci Adv. 2021;7:eabj8958.

Dai J, Meng J, Zhao X, Zhang W, Fan Y, Shi B, Li Z. A wearable self-powered
multi-parameter respiration sensor. Adv Mater Techn. 2023:2201535.

Derakhshandeh H, Aghabaglou F, McCarthy A, Mostafavi A, Wiseman C, Bonick
Z, Ghanavati |, Harris S, Kreikemeier-Bower C, Moosavi Basri SM. A wire-
lessly controlled smart bandage with 3D-printed miniaturized needle
arrays. Adv Funct Mater. 2020;30:1905544.

Page 30 of 34

Dias D, Paulo Silva Cunha J. Wearable health devices—uvital sign monitoring,
systems and technologies. Sensors. 2018;18:2414.

Ding Y, Kim M, Kuindersma S, Walsh CJ. Human-in-the-loop optimization
of hip assistance with a soft exosuit during walking. Sci Robotics.
2018;3:eaar5438.

Dong K, Wang ZL. Self-charging power textiles integrating energy harvesting
triboelectric nanogenerators with energy storage batteries/superca-
pacitors. J Semiconductors. 2021;42:101601.

Dong K, HuY, Yang J, Kim S-W, Hu W, Wang ZL. Smart textile triboelectric
nanogenerators: Current status and perspectives. MRS Bulletin.
2021;46:512-21.

Dong K, Peng X, Cheng R, Ning C, Jiang Y, Zhang Y, Wang ZL. Advances in
high-performance autonomous energy and self-powered sensing
textiles with novel 3D fabric structures. Adv Mater. 2022,34:2109355.

Dong K, Peng X, An J, Wang AC, Luo J, Sun B, Wang J, Wang ZL. Shape adapt-
able and highly resilient 3D braided triboelectric nanogenerators as
e-textiles for power and sensing. Nat Commun. 2020;11:2868:.

Dou S, Cao J, Zhou H, Chen C,Wang Y, Yang J, Wang D, Shang Z, Mu X. Dual-
resonator Lamb wave strain sensor with temperature compensation
and enhanced sensitivity. Appl Phys Lett. 2018;113: 093502.

Ellison SM, Mghabghab SR, Nanzer JA. Multi-Node Open-Loop Distributed
Beamforming Based on Scalable. High-Accuracy Rang IEEE Sens J.
2022;22:1629-37.

Erdil K, Akcan OG, Gl O, Gékdel YD. A disposable MEMS biosensor for aflatoxin
M1 molecule detection. Sens Actuator A Phys. 2022;338: 113438,

Fazio E, Spadaro S, Corsaro C, Neri G, Leonardi SG, Neri F, Lavanya N, Sekar
C, Donato N, Neri G. Metal-oxide based nanomaterials: synthesis,
characterization and their applications in electrical and electrochemical
sensors. Sensors. 2021;21:2494.

Gai'Y,Wang E, Liu M, Xie L, Bai Y, Yang Y, Xue J, Qu X, Xi Y, Li L, Luo D, Li Z. A self-
powered wearable sensor for continuous wireless sweat monitoring.
Small Methods. 2022;6: €2200653.

Galstyan V, D'Arco A, Di Fabrizio M, Poli N, Lupi S, Comini E. Detection of
volatile organic compounds: from chemical gas sensors to terahertz
spectroscopy. Rev Analyt Chem. 2021;40:33-57.

Gao S, He T, Zhang Z, Ao H, Jiang H, Lee C. A motion capturing and energy
harvesting hybridized lower-limb system for rehabilitation and sports
applications. Adv Sci (Weinh). 2021;8:€2101834.

Guo K, Yang Z, Yu CH, Buehler MJ. Artificial intelligence and machine learning
in design of mechanical materials. Mater Horiz. 2021;8:1153-72.

Guo X, HeT, Zhang Z, Luo A, Wang F, Ng EJ, Zhu Y, Liu H, Lee C. Artificial
intelligence-enabled caregiving walking stick powered by ultra-low-
frequency human motion. ACS Nano. 2021;15:19054-69.

Hakim M, Broza YY, Barash O, Peled N, Phillips M, Amann A, Haick H. Volatile
organic compounds of lung cancer and possible biochemical path-
ways. Chem Rev. 2012;112:5949-66.

Han JH, Kwak J-H, Joe DJ, Hong SK, Wang HS, Park JH, Hur S, Lee KJ. Basilar
membrane-inspired self-powered acoustic sensor enabled by highly
sensitive multi tunable frequency band. Nano Energy. 2018;53:198-205.

Han'Y,YiF, Jiang C, Dai K, Xu Y, Wang X, You Z. Self-powered gait pattern-based
identity recognition by a soft and stretchable triboelectric band. Nano
Energy. 2019;56:516-23.

Haripriya P, Rangarajan M, Pandya HJ. Breath VOC analysis and machine learn-
ing approaches for disease screening: a review. J Breath Res. 2023;17:
024001.

He T, Lee C. Evolving Flexible Sensors, Wearable and Implantable Technologies
Towards BodyNET for Advanced Healthcare and Reinforced Life Quality.
IEEE O J Circuits Sys. 2021;2:702-20.

HeT, Sun Z, Shi Q, Zhu M, Anaya DV, Xu M, Chen T, Yuce MR, Thean AV-Y, Lee
C. Self-powered glove-based intuitive interface for diversified control
applications in real/cyber space. Nano Energy. 2019;58:641-51.

He T, Guo X, Lee C. Flourishing energy harvesters for future body sensor net-
work: from single to multiple energy sources. IScience. 2021,24: 101934.

He T, Wen F,Yang V, Le X, Liu W, Lee C. Emerging Wearable Chemical Sensors
Enabling Advanced Integrated Systems toward Personalized and
Preventive Medicine. Analyt Chem. 2023,;95:490-514.

Hu H, Yang X, Guo X, Khaliji K, Biswas SR, Garcia de Abajo FJ, Low T, Sun Z,

Dai Q. Gas identification with graphene plasmons. Nat Commun.
2019;10:1131.

Huang M, Zhu M, Feng X, Zhang Z, Tang T, Guo X, Chen T, Liu H, Sun

L, Lee C. Intelligent Cubic-Designed Piezoelectric Node (iCUPE)



Wang et al. Bioelectronic Medicine (2023) 9:17

with Simultaneous Sensing and Energy Harvesting Ability toward
Self-Sustained Artificial Intelligence of Things (AloT). ACS Nano.
2023;17:6435-51.

Hui X, Yang C, Li D, He X, Huang H, Zhou H, Chen M, Lee C, Mu X. Infrared
plasmonic biosensor with tetrahedral DNA nanostructure as carriers
for label-free and ultrasensitive detection of miR-155. Adv Sci. 2021;8:
€2100583.

Huo W, Mohammed S, Moreno JC, Amirat Y. Lower limb wearable robots
for assistance and rehabilitation: a state of the art. IEEE sys J.
2014;10:1068-81.

Igbal SM, Mahgoub |, Du E, Leavitt MA, Asghar W. Advances in healthcare
wearable devices. npj Flex Electron. 2021;5:9.

Jalal AH, Alam F, Roychoudhury S, Umasankar Y, Pala N, Bhansali S. Prospects
and Challenges of Volatile Organic Compound Sensors in Human
Healthcare. ACS Sensors. 2018,3:1246-63.

Jessica H, Moussa B, Youssef T, Ali H. Ramadan, Batoul Dia, Fatima AA, Aline E,
Rouwaida K, Joseph C, Assaad AE. Noninvasive, wearable, and tunable
electromagnetic multisensing system for continuous glucose monitor-
ing, mimicking vasculature anatomy. Sci Adv. 2020;6:eaba5320.

Jiang W, Li H, Liu Z, Li Z, Tian J, Shi B, Zou Y, Ouyang H, Zhao C, Zhao L, Sun R,
Zheng H, FanY, Wang ZL, Li Z. Fully Bioabsorbable Natural-Materials-
Based Triboelectric Nanogenerators. Adv Mater. 2018;30: e1801895.

Jiang D, Shi B, Ouyang H, Fan Y, Wang ZL, Li Z. Emerging Implantable Energy
Harvesters and Self-Powered Implantable Medical Electronics. ACS
Nano. 2020;14:6436-48.

Jiang ¥, Ji'S, Sun J,Huang J, Li Y, Zou G, Salim T, Wang C, Li W, Jin H, Xu J, Wang
S, Lei T, Yan X, Peh WYX, Yen SC, Liu Z,Yu M, Zhao H, Lu Z, Li G, Gao H,
Liu Z, Bao Z, Chen X. A universal interface for plug-and-play assembly of
stretchable devices. Nature. 2023;614:456-62.

John-Herpin A, Kavungal D, von Mucke L, Altug H. Infrared metasurface aug-
mented by deep learning for monitoring dynamics between all major
classes of biomolecules. Adv Mater. 2021;33: e2006054.

Kar A, Ahamad N, Dewani M, Awasthi L, Patil R, Banerjee R. Wearable and
implantable devices for drug delivery: Applications and challenges.
Biomaterials. 2022;283: 121435.

Khan'S, Le Calvé S, Newport D. A review of optical interferometry techniques
for VOC detection. Sens Actuat A Phys. 2020;302: 111782.

Khatib M, Haick H. Sensors for Volatile Organic Compounds. ACS Nano.
2022;16:7080-115.

Khatib O, Ren S, Malof J, Padilla WJ. Learning the Physics of All-Dielectric
Metamaterials with Deep Lorentz Neural Networks. Adv Opt Mater.
2022;10:2200097.

Kim J, Kim M, Lee M-S, Kim K, Ji S, Kim Y-T, Park J, Na K, Bae K-H, Kyun Kim H.
Wearable smart sensor systems integrated on soft contact lenses for
wireless ocular diagnostics. Nat Commun. 2017;8:14997.

Kim J, Quinlivan BT, Deprey L-A, Arumukhom Revi D, Eckert-Erdheim A, Mur-
phy P, Orzel D, Walsh CJ. Reducing the energy cost of walking with low
assistance levels through optimized hip flexion assistance from a soft
exosuit. Sci Rep. 2022;12:11004.

KimT, Hong |, Roh Y, Kim D, Kim S, Im S, Kim C, Jang K, Kim S, Kim M. Spider-
inspired tunable mechanosensor for biomedical applications. npj Flex
Electron. 2023;7:12.

Kuhner L, Semenyshyn R, Hentschel M, Neubrech F, Tarin C, Giessen H. Vibra-
tional Sensing Using Infrared Nanoantennas: Toward the Noninvasive
Quantitation of Physiological Levels of Glucose and Fructose. ACS Sens.
2019;4:1973-9.

Kwak JW, Han M, Xie Z, Chung HU, Lee JY, Avila R, Yohay J, Chen X, Liang C,
Patel M, Jung |, et al. Wireless sensors for continuous, multimodal meas-
urements at the skin interface with lower limb prostheses. Sci. Transl.
Med. 2020;12:eabc4327.

Langley P, Carbonell JG. Approaches to machine learning. J Am Soc Inf Sci.
1984,35:306-6.

Le X, Shi Q, Sun Z, Xie J, Lee C. Noncontact Human-Machine Interface Using
Complementary Information Fusion Based on MEMS and Triboelectric
Sensors. Adv Sci (Weinh). 2022;9: €2201056.

LeCunY, Bengio Y, Hinton G. Deep learning. Nature. 2015;521:436-44.

Lee G, Kim J, Panizzolo F, Zhou Y, Baker L, Galiana |, Malcolm P, Walsh C. Reduc-
ing the metabolic cost of running with a tethered soft exosuit. Sci
Robotics. 2017;2:eaan6708.

Page 31 of 34

Lee S, Peh WYX, Wang J, Yang F, Ho JS, Thakor NV, Yen SC, Lee C. Toward Bioel-
ectronic Medicine-Neuromodulation of Small Peripheral Nerves Using
Flexible Neural Clip. Adv Sci (Weinh). 2017;4:1700149.

Lee S, Sheshadri S, Xiang Z, Delgado-Martineze I, Xue N, Sun T, Thakor
NV, Yen S-C, Lee C. Selective stimulation and neural recording on
peripheral nerves using flexible split ring electrodes. Sens Actuators B.
2017,242:1165-70.

Lee HK, Lee YH, Koh CSL, Phan-Quang GC, Han X, Lay CL, Sim HYF, Kao YC, An
Q, Ling XY. Designing surface-enhanced Raman scattering (SERS) plat-
forms beyond hotspot engineering: emerging opportunities in analyte
manipulations and hybrid materials. Chem Soc Rev. 2019;48:731-56.

Lee S, Kim H, Park MJ, Jeon HJ. Current Advances in Wearable Devices and
Their Sensors in Patients With Depression. Front Psychiatry. 2021;12:
672347.

LeeY, LiuY, Seo DG, Oh JY,KimYY, Li J, Kang J, Kim J, Mun J, Foudeh AM, Bao Z,
Lee TW. A low-power stretchable neuromorphic nerve with proprio-
ceptive feedback. Nat Biomed Eng. 2022;7:511-9.

Lekha S, Suchetha M. Recent Advancements and Future Prospects on
E-Nose Sensors Technology and Machine Learning Approaches for
Non-Invasive Diabetes Diagnosis: A Review. IEEE Rev Biomed Engin.
2021;14:127-38.

LiY, Chen N, Deng D, Xing X, Xiao X, Wang Y. Formaldehyde detection: SnO2
microspheres for formaldehyde gas sensor with high sensitivity,
fast response/recovery and good selectivity. Sens Actuat B-Chem.
2017;238:264-73.

Li Z, Feng H, Zheng Q, Li H, Zhao C, Ouyang H, Noreen S, Yu M, Su F, Liu R, Li
L, Wang ZL, Li Z. Photothermally tunable biodegradation of implant-
able triboelectric nanogenerators for tissue repairing. Nano Energy.
2018;54:390-9.

Li D, Zhou H, Hui X, He X, Huang H, Zhang J, Mu X, Lee C, Yang Y. Multifunc-
tional Chemical Sensing Platform Based on Dual-Resonant Infrared
Plasmonic Perfect Absorber for On-Chip Detection of Poly(ethy!
cyanoacrylate). Adv Sci. 2021;8: €2101879.

Li D, Zhou H, Hui X, He X, Mu X. Plasmonic Biosensor Augmented by a Genetic
Algorithm for Ultra-Rapid, Label-Free, and Multi-Functional Detection of
COVID-19. Anal Chem. 2021;93:9437-44.

Li G, Liu S, Zhu R. Skin-inspired quadruple tactile sensors integrated on a robot
hand enable object recognition. Sci. Robot. 2020;5:eabc8134.

Li P, Lee GH, Kim SY, Kwon SY, Kim HR, Park S. From Diagnosis to Treatment:
Recent Advances in Patient-Friendly Biosensors and Implantable
Devices. ACS Nano. 2021;15:1960-2004.

LiJ, LiuY, Yuan L, Zhang B, Bishop ES, Wang K, Tang J, Zheng YQ, Xu W, Niu S,
Beker L, LiTL, Chen G, Diyaolu M, Thomas AL, Mottini V, Tok JB, Dunn
JCY, Cui B, Pasca SP, Cui Y, Habtezion A, Chen X, Bao Z. A tissue-like neu-
rotransmitter sensor for the brain and gut. Nature. 2022,606:94-101.

Li Z LiC, Sun'W, BaiY, Li Z, Deng Y. A Controlled Biodegradable Triboelectric
Nanogenerator Based on PEGDA/Laponite Hydrogels. ACS Appl Mater
Interfaces. 2023;15:12787-96.

Liang X, Li H, Wang W, Liu Y, Ghannam R, Fioranelli F, Heidari H. Fusion of Wear-
able and Contactless Sensors for Intelligent Gesture Recognition. Adv
Intell Sys. 2019;1:1900088.

Lim K, Jo YM, Yoon JW, Kim JS, Lee DJ, Moon YK, Yoon JW, Kim JH, Choi HJ, Lee
JH. ATransparent Nanopatterned Chemiresistor: Visible-Light Plasmonic
Sensor for Trace-Level NO2 Detection at Room Temperature. Small.
2021;17:e2100438.

Lin Y-S, Xu Z. Reconfigurable metamaterials for optoelectronic applications. Int
J Optomechatron. 2020;14:78-93.

LinTT, Lv X, Hu ZN, Xu AS, Feng CH. Semiconductor Metal Oxides as Chem-
oresistive Sensors for Detecting Volatile Organic Compounds. Sensors.
2019;19:233.

Lin R, Kim HJ, Achavananthadith S, Kurt SA, Tan SCC, Yao H, Tee BCK, Lee JKW,
Ho JS. Wireless battery-free body sensor networks using near-field-
enabled clothing. Nat Commun. 2020;11:444.

Lin R, Kim HJ, Achavananthadith S, Xiong Z, Lee JKW, Kong YL, Ho JS. Digitally-
embroidered liquid metal electronic textiles for wearable wireless
systems. Nat Commun. 2022;13:2190.

Liu KW, Zhang C. Volatile organic compounds gas sensor based on quartz
crystal microbalance for fruit freshness detection: A review. Food Chem.
2021;334:127615.

Liu H, Qian'Y, Lee C. A multi-frequency vibration-based MEMS electromagnetic
energy harvesting device. Sens Actuat A-Phys. 2013;204:37-43.



Wang et al. Bioelectronic Medicine (2023) 9:17

Liu'Y, Pharr M, Salvatore GA. Lab-on-skin: a review of flexible and stretch-
able electronics for wearable health monitoring. ACS Nano.
2017;11:9614-35.

Liu Z, Zhu D, Rodrigues SP, Lee KT, Cai W. Generative Model for the Inverse
Design of Metasurfaces. Nano Lett. 2018;18:6570-6.

Liu Z, MaY, Ouyang H, Shi B, Li N, Jiang D, Xie F, Qu D, Zou Y, Huang ¥, Li H,
Zhao C, Tan P, Yu M, FanY, Zhang H, Wang ZL, Li Z. Transcatheter Self-
Powered Ultrasensitive Endocardial Pressure Sensor. Adv Funct Mater.
2019;29:1807560.

LiuH, Dong W, LiY, Li F, Geng J, Zhu M, Chen T, Zhang H, Sun L, Lee C. An
epidermal sEMG tattoo-like patch as a new human-machine interface
for patients with loss of voice. Microsyst Nanoeng. 2020;6:16.

LiuY, LiJ, Song S, Kang J, Tsao Y, Chen S, Mottini V, McConnell K, Xu W, Zheng
YQ, Tok JB, George PM, Bao Z. Morphing electronics enable neuromod-
ulation in growing tissue. Nat Biotechnol. 2020;38:1031-6.

Liu X, Liu W, Ren Z, Ma Y, Dong B, Zhou G, Lee C. Progress of optomechanical
micro/nano sensors: a review. Int J Optomechatroni. 2021;15:120-59.

Liu M, Zhang Y, Wang J, Qin N, Yang H, Sun K, Hao J, Shu L, Liu J, Chen Q, Zhang
P, Tao TH. A star-nose-like tactile-olfactory bionic sensing array for
robust object recognition in non-visual environments. Nat Commun.
2022;13:79.

Liu P, FuY,WeiF, MaT, Ren J, Xie Z, Wang S, Zhu J, Zhang L, Tao J. Microneedle
Patches with O2 Propellant for Deeply and Fast Delivering Pho-
tosensitizers: Towards Improved Photodynamic Therapy. Adv Sci.
2022,9:2202591.

LiuW, MaY, Liu X, Zhou J, Xu C, Dong B, Lee C. Larger-Than-Unity External
Optical Field Confinement Enabled by Metamaterial-Assisted Comb
Waveguide for Ultrasensitive Long-Wave Infrared Gas Spectroscopy.
Nano Lett. 2022;22:6112-20.

Liu X, Qiao Q Dong B, Liu W, Xu C, Xu S, Zhou G. MEMS enabled suspended
silicon waveguide platform for long-wave infrared modulation applica-
tions. Int J Optomechatroni. 2022;16:42-57.

LiuY,Wang C, Xue J, Huang G, Zheng S, Zhao K, Huang J, Wang Y, Zhang Y, Yin
T, Li Z. Body Temperature Enhanced Adhesive, Antibacterial, and Recy-
clable lonic Hydrogel for Epidermal Electrophysiological Monitoring.
Adv Healthc Mater. 2022;11: €2200653.

LongY,Wei H, Li J, Yao G, Yu B, Ni D, Gibson AL, Lan X, Jiang Y, Cai W. Effective
wound healing enabled by discrete alternative electric fields from
wearable nanogenerators. ACS nano. 2018;12:12533-40.

Lotsch J, Kringel D, Hummel T. Machine Learning in Human Olfactory
Research. Chem Sens. 2019;44:11-22.

LuY,Chang Y, Tang N, Qu H, Liu J, Pang W, Zhang H, Zhang D, Duan X. Detec-
tion of Volatile Organic Compounds Using Microfabricated Resonator
Array Functionalized with Supramolecular Monolayers. ACS Appl Mater
Interfaces. 2015;7:17893-903.

LuY, LiH, Wang J,Yao M, Peng Y, Liu T, Li Z, Luo G, Deng J. Engineering
bacteria-activated multifunctionalized hydrogel for promoting diabetic
wound healing. Adv Funct Mater. 2021;31:2105749.

Ly NH, Son SJ, Jang S, Lee C, Lee JI, Joo SW. Surface-Enhanced Raman Sensing
of Semi-Volatile Organic Compounds by Plasmonic Nanostructures.
Nanomaterials. 2021;11:2619.

MaY, Zheng Q, Liu Y, Shi B, Xue X, JiW, Liu Z, Jin Y, Zou Y, An Z, Zhang W, Wang
X, Jiang W, Xu Z, Wang ZL, Li Z, Zhang H. Self-Powered, One-Stop, and
Multifunctional Implantable Triboelectric Active Sensor for Real-Time
Biomedical Monitoring. Nano Letters. 2016;16:6042-51.

Ma W, Cheng F, Xu Y, Wen Q, Liu Y. Probabilistic Representation and Inverse
Design of Metamaterials Based on a Deep Generative Model with Semi-
Supervised Learning Strategy. Adv Mater. 2019;31:1901111.

Mahmood L, Ghommem M, Bahroun Z. Smart Gas Sensors: Materials, Tech-
nologies, Practical Applications, and Use of Machine Learning-A Review.
J Appl Comput Mechan. 2023;9:775-803.

Manvi M, Mruthyunjaya Swamy KB. Microelectronic materials, microfabrication
processes, micromechanical structural configuration based stiffness
evaluation in MEMS: A review. Microelectronic Engineering. 2022;263:
111854,

McGinn CK, Lamport ZA, Kymissis |. Review of Gravimetric Sensing of Volatile
Organic Compounds. ACS Sensors. 2020;5:1514-34.

Miah MR, Yang MH, Khandaker S, Bashar MM, Alsukaibi AKD, Hassan HMA,
Znad H, Awual MR. Polypyrrole-based sensors for volatile organic com-
pounds (VOCs) sensing and capturing: A comprehensive review. Sens
Actuat Phys. 2022;347: 113933.

Page 32 of 34

Modak M, Rane S, Jagtap S. WO3: a review of synthesis techniques, nano-
composite materials and their morphological effects for gas sensing
application. B Mater Sci. 2023;46:28.

Mohankumar P, Ajayan J, Mohanraj T, Yasodharan R. Recent developments
in biosensors for healthcare and biomedical applications: A review.
Measurement. 2021;167: 108293.

Niu S, Matsuhisa N, Beker L, Li J, Wang S, Wang J, Jiang Y, Yan X, Yun'Y, Burnett
W, Poon ASY, Tok JBH, Chen X, Bao Z. A wireless body area sensor net-
work based on stretchable passive tags. Nat Electron. 2019;2:361-8.

Nyein HYY, Bariya M, Tran B, Ahn CH, Brown BJ, JiW, Davis N, Javey A. A wear-
able patch for continuous analysis of thermoregulatory sweat at rest.
Nat Commun. 2021;12:1823.

Ou LX, Liu MY, Zhu LY, Zhang DW, Lu HL. Recent Progress on Flexible Room-
Temperature Gas Sensors Based on Metal Oxide Semiconductor. Nano-
Micro Lett. 2022;14:206.

Ouyang H, Tian J, Sun G, Zou Y, Liu Z, Li H, Zhao L, Shi B, Fan Y, Fan'Y, Wang
ZL, Li Z. Self-Powered Pulse Sensor for Antidiastole of Cardiovascular
Disease. Adv Mater. 2017;29:1703456.

Ouyang H, Liu Z, Li N, Shi B, Zou Y, Xie F, Ma Y, Li Z, Li H, Zheng Q, Qu X, Fan Y,
Wang ZL, Zhang H, Li Z. Symbiotic cardiac pacemaker Nat Commun.
2019;10:1821.

Ouyang H, Li Z, Gu M, Hu Y, Xu L, Jiang D, Cheng S, Zou Y, Deng Y, Shi B, Hua
W, Fan', Li Z, Wang Z. A Bioresorbable Dynamic Pressure Sensor for
Cardiovascular Postoperative Care. Adv Mater. 2021;33: €2102302.

Pargoletti E, Cappelletti G. Breakthroughs in the Design of Novel Carbon-Based
Metal Oxides Nanocomposites for VOCs Gas Sensing. Nanomaterials.
2020;10:1485.

Peel AM, Wilkinson M, Sinha A, Loke YK, Fowler SJ, Wilson AM. Volatile organic
compounds associated with diagnosis and disease characteristics in
asthma - A systematic review. Resp Med. 2020;169: 105984.

Pitchappa P, Ho CP, Dhakar L, Qian Y, Singh N, Lee C. Periodic Array of Subwave-
length MEMS Cantilevers for Dynamic Manipulation of Terahertz Waves.
J Microelectromechan Sys. 2015;24:525-7.

Poitras |, Dupuis F, Bielmann M, Campeau-Lecours A, Mercier C, Bouyer LJ, Roy
JS. Validity and Reliability of Wearable Sensors for Joint Angle Estima-
tion: A Systematic Review. Sensors. 2019;19:1555.

Qiao X, Su B, Liu C, Song Q, Luo D, Mo G, Wang T. Selective Surface Enhanced
Raman Scattering for Quantitative Detection of Lung Cancer Biomark-
ers in Superparticle@MOF Structure. Adv Mater. 2018;30:1702275.

Quinlivan BT, Lee S, Malcolm P, Rossi DM, Grimmer M, Siviy C, Karavas N,
Wagner D, Asbeck A, Galiana I. Assistance magnitude versus metabolic
cost reductions for a tethered multiarticular soft exosuit. Sci Robotics.
2017;2:eaah4416.

Ren Z, Dong B, Qiao Q, Liu X, Liu J, Zhou G, Lee C. Subwavelength on-chip
light focusing with bigradient all-dielectric metamaterials for dense
photonic integration. InfoMat. 2021;4: 12264.

Ren Z, Zhang Z, Wei J, Dong B, Lee C. Wavelength-multiplexed hook nanoan-
tennas for machine learning enabled mid-infrared spectroscopy. Nat
Commun. 2022;13:3859.

ShiQ Dong B, He T, Sun Z, Zhu J, Zhang Z, Lee C. Progress in wearable elec-
tronics/photonics—Moving toward the era of artificial intelligence and
internet of things. InfoMat. 2020;2:1131-62.

ShiQ Zhang Z, He T, Sun Z, Wang B, Feng Y, Shan X, Salam B, Lee C. Deep
learning enabled smart mats as a scalable floor monitoring system. Nat
Commun. 2020;11:4609.

ShiY, Liu R, He L, Feng H, Li Y, Li Z. Recent development of implantable and
flexible nerve electrodes. Smart Mater Medicine. 2020;1:131-47.

ShiQ, Zhang Z,Yang Y, Shan X, Salam B, Lee C. Artificial Intelligence of Things
(AloT) enabled floor monitoring system for smart home applications.
ACS Nano. 2021;15:18312-26.

ShiQ, Sun Z, Le X, Xie J, Lee C. Soft robotic perception system with ultrasonic
auto-positioning and multimodal sensory intelligence. ACS Nano.
2023;17:4985-98.

ShiZ, LuY,Shen S, XuY, Shu C,WuY, Lv J, Li X, Yan Z, An Z, Dai C, Su L, Zhang
F, Liu Q. Wearable battery-free theranostic dental patch for wireless
intraoral sensing and drug delivery. npj Flex Electron. 2022;6:49.

Shin J, Jeong B, Kim J, Nam VB, Yoon Y, Jung J, Hong S, Lee H, Eom H, Yeo
J. Sensitive wearable temperature sensor with seamless monolithic
integration. Adv Mater. 2020;32:1905527.

Shin H, Kang M, Lee S. Mechanism of peripheral nerve modulation and recent
applications. Int J Optomechatron. 2021;15:182-98.



Wang et al. Bioelectronic Medicine (2023) 9:17

Song E, Li J, Won SM, Bai W, Rogers JA. Materials for flexible bioelectronic
systems as chronic neural interfaces. Nat Mater. 2020;19:590-603.

Song LP, Chen J, Xu BB, Huang YJ. Flexible Plasmonic Biosensors for
Healthcare Monitoring: Progress and Prospects. ACS Nano.
2021;15:18822-47.

Steels L. Fifty Years of Al: From Symbols to Embodiment - and Back. In:
Lungarella M, lida F, Bongard J, Pfeifer R, editors. 50 Years of Artificial
Intelligence: Essays Dedicated to the 50th Anniversary of Artificial Intel-
ligence. Berlin Heidelberg, Berlin, Heidelberg: Springer; 2007. p. 18-28.

Steinhauer S. Gas Sensors Based on copper oxide nanomaterials: a review.
Chemosensors. 2021;9:51.

Sun DJ, Luo YF, Debliquy M, Zhang C. Graphene-enhanced metal oxide
gas sensors at room temperature: a review. Beilstein J Nanotech.
2018;9:2832-44.

Sun Z, Zhu M, Zhang Z, Chen Z, Shi Q, Shan X, Yeow RCH, Lee C. Artificial Intel-
ligence of Things (AloT) enabled virtual shop applications using self-
powered sensor enhanced soft robotic manipulator. Adv Sci (Weinh).
2021;8:€2100230.

Sundaram S, Kellnhofer P, Li Y, Zhu JY, Torralba A, Matusik W. Learning the
signatures of the human grasp using a scalable tactile glove. Nature.
2019;569:698-702.

Takeda R, Lisco G, Fujisawa T, Gastaldi L, Tohyama H, Tadano S. Drift removal
for improving the accuracy of gait parameters using wearable sensor
systems. Sensors. 2014;14:23230-47.

Tan M, XuY, Gao Z,YuanT, Liu Q, Yang R, Zhang B, Peng L. Recent advances in
intelligent wearable medical devices integrating biosensing and drug
delivery. Adv Mater. 2022,34:2108491.

Thrift WJ, Cabuslay A, Laird AB, Ranjbar S, Hochbaum Al, Ragan R. Surface-
enhanced Raman scattering-based odor compass: locating multiple
chemical sources and pathogens. Acs Sensors. 2019;4:2311-9.

Tian L, Zimmerman B, Akhtar A, Yu KJ, Moore M, Wu J, Larsen RJ, Lee JW, Li
J, LiuY. Large-area MRI-compatible epidermal electronic interfaces
for prosthetic control and cognitive monitoring. Nat Biomed Engin.
2019;3:194-205.

Tian X, Lee PM, Tan YJ, WuTL, Yao H, Zhang M, Li Z, Ng KA, Tee BC, Ho JS. Wire-
less body sensor networks based on metamaterial textiles. Nat Electron.
2019;2:243-51.

Valle G, Saliji A, Fogle E, Cimolato A, Petrini FM, Raspopovic S Mechanisms
of neuro-robotic prosthesis operation in leg amputees. Sci Adv.
2021;7:eabd8354

Wang S, Urban MW. Self-healing polymers Nat Rev Mater. 2020;5:562-83.

Wang C, Li X, Hu H, Zhang L, Huang Z, Lin M, Zhang Z, Yin Z, Huang B, Gong
H, Bhaskaran S, Gu Y, Makihata M, Guo Y, Lei Y, Chen Y, Wang C, LiY,
ZhangT, Chen Z, Pisano AP, Zhang L, Zhou Q, Xu S. Monitoring of the
central blood pressure waveform via a conformal ultrasonic device. Nat
Biomed Engin. 2018;2:687-95.

Wang J, Thow XY, Wang H, Lee S, Voges K, Thakor NV, Yen SC, Lee C. A
highly selective 3D spiked ultraflexible neural (SUN) interface for
decoding peripheral nerve sensory information. Adv Healthc Mater.
2018;7:1700987.

Wang T, Wang J, He J, Wu C, Luo W, Shuai Y, Zhang W, Lee C. Investigation of
the temperature fluctuation of single-phase fluid based microchannel
heat sink. Sensors (Basel). 2018;18:1498.

Wang J, Wang H, He T, He B, Thakor NV, Lee C. Investigation of low-current
direct stimulation for rehabilitation treatment related to muscle
function loss using self-powered TENG system. Adv Sci (Weinh).
2019;6:1900149.

Wang C, Hu K, Zhao C, Zou Y, Liu Y, Qu X, Jiang D, Li Z, Zhang MR, Li Z. Cus-
tomization of conductive elastomer based on PVA/PEI for stretchable
sensors. Small. 2020;16: €1904758.

Wang JX, Zhou Q, Peng SD, Xu LN, Zeng W. Volatile organic compounds gas
sensors based on molybdenum oxides: a mini review. Front Chem.
2020;8:339.

Wang M, Yan Z,Wang T, Cai P, Gao S, Zeng Y, Wan C, Wang H, Pan L, Yu J, Pan
S, He K, Lu J, Chen X. Gesture recognition using a bioinspired learning
architecture that integrates visual data with somatosensory data from
stretchable sensors. Nature Electronics. 2020;3:563-70.

Wang C, Qu X, Zheng Q, Liu Y, Tan P, Shi B, Ouyang H, Chao S, Zou Y, Zhao C, Liu
Z,LiY, Li Z Stretchable, self-healing, and skin-mounted active sensor for
multipoint muscle function assessment. ACS Nano. 2021;15:10130-40.

Page 33 of 34

Wang C, Shi Q, Lee C. Advanced implantable biomedical devices enabled by
Triboelectric Nanogenerators. Nanomaterials (Basel). 2022;12:1366.

Wang Y, Tang T, XuY, Bai Y, Yin L, Li G, Zhang H, Liu H, Huang Y. All-weather,
natural silent speech recognition via machine-learning-assisted tattoo-
like electronics. npj Flex Electron. 2021;5:20.

Wang C, HuY, LiuY, ShanY, Qu X, Xue J, He T, Cheng S, Zhou H, Liu W, Guo ZH,
Hua W, Liu Z, Li Z, Lee C. Tissue-adhesive piezoelectric soft sensor for
in vivo blood pressure monitoring during surgical operation. Adv Funct
Mater. 2023: 2303696.

Wen F, He T, Liu H, Chen H-Y, Zhang T, Lee C. Advances in chemical sensing
technology for enabling the next-generation self-sustainable inte-
grated wearable system in the loT era. Nano Energy. 2020,78: 105155.

Wen F, Sun Z, He T, Shi Q, Zhu M, Zhang Z, Li L, Zhang T, Lee C. Machine
learning glove using self-powered conductive superhydrophobic
triboelectric textile for gesture recognition in VR/AR applications. Adv
Sci (Weinh). 2020;7:2000261.

Wen F, Sun Z, He T, Shi Q, Zhu M, Zhang Z, Li L, Zhang T, Lee C. Machine
learning glove using self-powered conductive superhydrophobic
triboelectric textile for gesture recognition in VR/AR applications. Adv
Sci. 2020;7:2000261.

Wen F, Wang H, He T, Shi Q, Sun Z, Zhu M, Zhang Z, Cao Z, Dai Y, Zhang T, Lee
C. Battery-free short-range self-powered wireless sensor network (SS-
WSN) using TENG based direct sensory transmission (TDST) mecha-
nism. Nano Energy. 2020;67: 104266.

Wen F, Zhang Z, He T, Lee C. Al enabled sign language recognition and VR
space bidirectional communication using triboelectric smart glove. Nat
Commun. 2021;12:5378.

Wen F, Wang C, Lee C. Progress in self-powered sensors—moving toward
artificial intelligent and neuromorphic system. Nano Research. 2023.
https://doi.org/10.1007/512274-023-5879-4.

Wilson AD. Application of electronic-nose technologies and VOC-biomarkers
for the noninvasive early diagnosis of gastrointestinal diseases (dagger).
Sensors (Basel). 2018;18:2613.

Wong CL, Dinish US, Buddharaju KD, Schmidt MS, Olivo M. Surface-enhanced
Raman scattering (SERS)-based volatile organic compounds (VOCs)
detection using plasmonic bimetallic nanogap substrate. Appl Phys A.
2014;117:687-92.

Wu M, Zhang Z, Liu Z, Zhang J, Zhang Y, Ding Y, Huang T, Xiang D, Wang Z, Dai
Y. Piezoelectric nanocomposites for sonodynamic bacterial elimination
and wound healing. Nano Today. 2021;37: 101104.

Xiang Z, Sheshadri S, Lee SH, Wang J, Xue N, Thakor NV, Yen SC, Lee C.
Mapping of small nerve trunks and branches using adaptive flexible
electrodes. Adv Sci (Weinh). 2016;3:1500386.

Xiang Z, Yen SC, Sheshadri S, Wang J, Lee S, Liu YH, Liao LD, Thakor NV, Lee C.
Progress of flexible electronics in neural interfacing - a self-adaptive
non-invasive neural ribbon electrode for small nerves recording. Adv
Mater. 2016,28:4472-9.

Xiao Z, Wang D, Wang C, Chen Z, Huang C, Yang Y, Xie L, Zhang L, Xu L, Zhang
MR, Hu K, Li Z, Luo L. PEIGel: a biocompatible and injectable scaffold
with innate immune adjuvanticity for synergized local immunotherapy.
Mater Today Bio. 2022;15: 100297.

Xie J,Ren Z, Wei J, Liu W, Zhou J, Lee C. Zero-bias long-wave infrared nano-
antenna-mediated graphene photodetector for polarimetric and
spectroscopic sensing. Adv Opt Mater. 2023:2202867.

Xu K, LuY, Takei K. Multifunctional skin-inspired flexible sensor systems for
wearable electronics. Adv Mater Techn. 2019;4:1800628.

Xu J,Ren Z, Dong B, Liu X, Wang C, Tian Y, Lee C. Nanometer-scale hetero-
geneous interfacial sapphire wafer-bonding for enabling plasmonic-
enhanced nanofluidic mid-infrared spectroscopy. ACS Nano.
2020;14:12159-72.

Xu'S, Ren Z, Dong B, Zhou J, Liu W, Lee C. Mid-infrared silicon-on-lithium-nio-
bate electro-optic modulators toward integrated spectroscopic sensing
systems. Adv Opt Mater. 2022;11:2202228.

Xu C, Ren Z,Wei J, Lee C. Reconfigurable terahertz metamaterials: From
fundamental principles to advanced 6G applications. iScience.
2022;25:103799.

Yan HL, Zhou YG. Electrical sensing of volatile organic compounds in exhaled
breath for disease diagnosis. Curr Opin Electrochem. 2022;33: 100922.

Yang C, Zhang J, Chen Y, Dong Y, Zhang Y. A review of exoskeleton-type
systems and their key technologies. Proc Inst Mech Eng C J Mech Eng
Sci. 2008;222:1599-612.


https://doi.org/10.1007/s12274-023-5879-4

Wang et al. Bioelectronic Medicine (2023) 9:17

Yang CP, Qian H, Li X, Cheng Y, He HJ, Zeng GM, Xi JY. Simultaneous Removal of
Multicomponent VOCs in Biofilters. Trends Biotechn. 2018;36:673-85.

Yang Y, Chen BZ, Zhang XP, Zheng H, Li Z, Zhang CY, Guo XD. Conductive
microneedle patch with electricity-triggered drug release perfor-
mance for atopic dermatitis treatment. ACS Appl Mater Interfaces.
2022;14:31645-54.

Yang Y, Chu H, Zhang Y, Xu L, Luo R, Zheng H, Yin T, Li Z. Rapidly separable bub-
ble microneedle patch for effective local anesthesia. Nano Research.
2022;15:8336-44.

YangY, Guo X, Zhu M, Sun Z, Zhang Z, He T, Lee C. Triboelectric nanogenerator
enabled wearable sensors and electronics for sustainable internet of
things integrated green earth. Adv Energy Mater. 2022;13:2203040.

Yang Y, Luo R, Chao S, Xue J, Jiang D, Feng YH, Guo XD, Luo D, Zhang J, Li
Z.Improved pharmacodynamics of epidermal growth factor via
microneedles-based self-powered transcutaneous electrical stimula-
tion. Nat Commun. 2022;13:6908.

Yao S, Zheng M, Wang Z, Zhao Y, Wang S, Liu Z, Li Z, Guan Y, Wang ZL, Li L. Self-
powered, implantable, and wirelessly controlled NO generation system
for intracranial neuroglioma therapy. Adv Mater. 2022:2205881.

Yazici MS, Dong B, Hasan D, Sun F, Lee C. Integration of MEMS IR detec-
tors with MIR waveguides for sensing applications. Opt Express.
2020;28:11524-37.

YuY, Yuk H, Parada GA, Wu Y, Liu X, Nabzdyk CS, Youcef-Toumi K, Zang J, Zhao
X. Multifunctional "Hydrogel Skins" on diverse polymers with arbitrary
shapes. Adv Mater. 2019;31: €1807101.

Zhang F, Chen C, Dou S, Zhou H, Yang J, Wang D, Chen Y, Cheng Y, Shang Z,
Mu X. Temperature decoupled viscosity-density product measurement
in liquid by utilizing a dual-mode AIN-based acoustic wave resonator.
Appl Phys Lett. 2018;113: 203502.

Zhang L, Kumar KS, He H, Cai CJ, He X, Gao H, Yue S, Li C, Seet RC-S, Ren H.
Fully organic compliant dry electrodes self-adhesive to skin for long-
term motion-robust epidermal biopotential monitoring. Nat Commun.
2020;11:4683.

Zhang Y, Xu L, Liu Z, Cui X, Xiang Z, Bai J, Jiang D, Xue J,Wang C, LinY, Li Z,
Shan,Yang Y, Bo L, Li Z, Zhou X. Self-powered pulsed direct current
stimulation system for enhancing osteogenesis in MC3T3-E1. Nano
Energy. 2021;85: 106009.

Zhang Q, JinT, Cai J,Xu L, He T, Wang T, Tian Y, Li L, Peng Y, Lee C. Wearable
triboelectric sensors enabled gait analysis and waist motion capture
for loT-based smart healthcare applications. Adv Sci (Weinh). 2022;9:
€2103694.

Zhang Z,Wang L, Lee C. Recent advances in artificial intelligence sensors. Adv
Sens Research. 2023: 2200072.

Zhang Z,He T, Zhu M, Sun Z, Shi Q, Zhu J, Dong B, Yuce MR, Lee C. Deep
learning-enabled triboelectric smart socks for loT-based gait analysis
and VR applications Abstract npj Flex Electron. 2020;4:29.

Zhao C, Feng H, Zhang L, Li Z, Zou Y, Tan P, Ouyang H, Jiang D, Yu M, Wang
C, LiH, Xu L, Wei W, Li Z. Highly efficient in vivo cancer therapy by an
implantable magnet triboelectric nanogenerator. Adv Funct Mater.
2019;29:1808640.

Zheng Q, Shi B, Fan F,Wang X, Yan L, Yuan W, Wang S, Liu H, Li Z, Wang ZL.

In vivo powering of pacemaker by breathing-driven implanted tribo-
electric nanogenerator. Adv Mater. 2014;26:5851-6.

Zheng Qiang, Zou Yang, Zhang Yalan, Liu Zhuo, Shi Bojing, Wang Xinxin,
JinYiming, Ouyang Han, Li Zhou. Zhong Lin Wang, Biodegradable
triboelectric nanogenerator as a life-time designed implantable power
source. Sci Adv. 2016;2: e1501478.

Zheng Q, Hou Y, Yang H, Tan P, Shi H, Xu Z, Ye Z, Chen N, Qu X, Han X, Zou Y,
Cui X, Yao H, Chen,Yao W, Zhang J, Chen Y, Liang J, Gu X, Wang D, Wei
Y, Xue J, Jing B, Zeng Z, Wang L, Li Z, Wang ZL. Towards a sustainable
monitoring: A self-powered smart transportation infrastructure skin.
Nano Energy. 2022;98: 107245.

Zheng, Q, Tang, Q, Wang, Z.L,, Li, Z., Self-powered cardiovascular electronic
devices and systems. Nat Rev Cardiol. 2020.

Zhou F, Chai Y. Near-sensor and in-sensor computing Nat Electron.
2020;3:664-71.

Zhou H, Kropelnicki P, Lee C. CMOS compatible midinfrared wavelength-
selective thermopile for high temperature applications. J Microelectro-
mechan Syst. 2015;24:144-54.

Page 34 of 34

Zhou H, Hu D, Yang C, Chen C, Ji J, Chen M, Chen Y, Yang Y, Mu X. Multi-band
sensing for dielectric property of chemicals using metamaterial inte-
grated microfluidic sensor. Sci Rep. 2018;8:14801.

Zhou H, Yang C, Hu D, Dou S, Hui X, Zhang F, Chen C, Chen M, Yang Y, Mu X.
Integrating a microwave resonator and a microchannel with an immu-
nochromatographic strip for stable and quantitative biodetection. ACS
Appl Mater Interfaces. 2019;11:14630-9.

Zhou H, Yang C, Hu D, Li D, Hui X, Zhang F, Chen M, Mu X. Terahertz biosensing
based on bi-layer metamaterial absorbers toward ultra-high sensitivity
and simple fabrication. Appl Phys Lett. 2019;115: 143507.

Zhou H, Hui X, Li D, Hu D, Chen X, He X, Gao L, Huang H, Lee C, Mu X. Metal-
organic framework-surface-enhanced infrared absorption platform
enables simultaneous on-chip sensing of greenhouse gases. Adv Sci.
2020;7:2001173.

Zhou Z, Chen K, Li X, Zhang S, Wu Y, Zhou Y, Meng K, Sun C, He Q, Fan W, Fan
E, Lin Z, Tan X, Deng W, Yang J, Chen J. Sign-to-speech translation using
machine-learning-assisted stretchable sensor arrays. Nat Electron.
2020;3:571-8.

Zhou H, Li D, Hui X, Mu X. Infrared metamaterial for surface-enhanced infrared
absorption spectroscopy: pushing the frontier of ultrasensitive on-chip
sensing. I J Optomechan. 2021;15:97-119.

Zhou H, Li D, Ren Z, Mu X, Lee C. Loss-induced phase transition in mid-infrared
plasmonic metamaterials for ultrasensitive vibrational spectroscopy.
InfoMat. 2022;4: 12349,

Zhou H, Ren Z, Xu C, Xu L, Lee C. MOF/Polymer-integrated multi-hotspot mid-
infrared nanoantennas for sensitive detection of CO2 gas. Nano-Micro
Lett. 2022;14:207.

Zhou H, Xu L, Ren Z, Zhu J, Lee C. Machine learning-augmented surface-
enhanced spectroscopy toward next-generation molecular diagnostics.
Nanoscale Adv. 2023;5:538-70.

Zhou J, Zhang Z, Dong B, Ren Z, Liu W, Lee C. Midinfrared spectroscopic
analysis of aqueous mixtures using artificial-intelligence-enhanced
metamaterial waveguide sensing platform. ACS Nano. 2023;17:711-24.

Zhu J, Liu X, Shi Q, He T, Sun Z, Guo X, Liu W, Sulaiman OB, Dong B, Lee C.
Development trends and perspectives of future sensors and MEMS/
NEMS. Micromachines (Basel). 2019;11:7.

Zhu JX, Sun ZD, Xu JK, Walczak RD, Dziuban JA, Lee C. Volatile organic
compounds sensing based on Bennet doubler-inspired triboelectric
nanogenerator and machine learning-assisted ion mobility analysis. Sci
Bull. 2021;66:1176-85.

Zhu M, Sun Z, Lee C. Soft modular glove with multimodal sensing and aug-
mented haptic feedback enabled by materials' multifunctionalities. ACS
nano. 2022;16:14097-110.

Zhuang KZ, Sommer N, Mendez V, Aryan S, Formento E, D’Anna E, Artoni F,
Petrini F, Granata G, Cannaviello G, Raffoul W, Billard A, Micera S. Shared
human-robot proportional control of a dexterous myoelectric prosthe-
sis. Nat Mach Intell. 2019;1:400-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Artificial intelligence enhanced sensors - enabling technologies to next-generation healthcare and biomedical platform
	Abstract 
	Introduction
	Wearable sensors
	Wearable physical sensors
	Wearable chemical sensors
	Wearable body sensors network
	In vivo health monitoring

	In vivo self-powered sensors
	Neural interfaces
	Flexible electronics for therapy


	VOC detection 
	Optical VOC gas identification
	Electronic VOC gas detection
	AI-enhanced VOC platform

	Human-machine interfaces
	Tactile sensor
	AI-enhanced HMIs

	AI-enhanced multimode sensor
	AI-enhanced self-sustainable system
	Conclusion
	Acknowledgements
	References


