Materials Today Bio 23 (2023) 100787

FI. SEVIER

Contents lists available at ScienceDirect
Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

materialstoday

BIO

materilstoday

Check for

Applications of flexible electronics related to cardiocerebral ol

vascular system

Runxing Lin "', Ming Lei a’l,‘“Sen Ding“, Quansheng Cheng®, Zhichao Ma‘, Liping Wang ",

Zikang Tang°, Bingpu Zhou ™

a,c,*

", Yinning Zhou

2 Joint Key Laboratory of the Ministry of Education, Institute of Applied Physics and Materials Engineering, University of Macau, Avenida da Universidade, Taipa, Macau,

999078, China

b Brain Cognition and Brain Disease Institute, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, 518055, China
¢ Department of Physics and Chemistry, Faculty of Science and Technology, University of Macau, Avenida da Universidade, Taipa, Macau, 999078, China
4 Institute of Medical Robotics, School of Biomedical Engineering, Shanghai Jiao Tong University, No.800 Dongchuan Road, Shanghai, 200240, China

ABSTRACT

Ensuring accessible and high-quality healthcare worldwide requires field-deployable and affordable clinical diagnostic tools with high performance. In recent years,
flexible electronics with wearable and implantable capabilities have garnered significant attention from researchers, which functioned as vital clinical diagnostic-
assisted tools by real-time signal transmission from interested targets in vivo. As the most crucial and complex system of human body, cardiocerebral vascular
system together with heart-brain network attracts researchers inputting profuse and indefatigable efforts on proper flexible electronics design and materials selection,
trying to overcome the impassable gulf between vivid organisms and rigid inorganic units. This article reviews recent breakthroughs in flexible electronics spe-
cifically applied to cardiocerebral vascular system and heart-brain network. Relevant sensor types and working principles, electronics materials selection and
treatment methods are expounded. Applications of flexible electronics related to these interested organs and systems are specially highlighted. Through precedent
great working studies, we conclude their merits and point out some limitations in this emerging field, thus will help to pave the way for revolutionary flexible

electronics and diagnosis assisted tools development.

1. Introduction

Cardiocerebral vascular system, which includes the blood, heart and
blood vessels, together with heart-brain network functions as the most
crucial and complex role in supporting the normal vital movement of
human beings [1]. Primarily, the system triggered by the heart pumping
is responsible for the transportation of nutrients [2],
oxygen-rich/deoxygenated blood [3], other compulsory biomolecules
[4] and metabolic waste [5]. Dysfunction, abnormalities or any injuries
occurring on random parts of the cardiovascular system may lead to
severe health complications [6-9]. Among the diseases with extremely
high mortality worldwide, deaths due to cardiovascular diseases (CVDs)
account for 31% of the global death toll each year, reaching 17 million
people [10]. Besides, neurological diseases related to the heart-brain
network are the second leading disease causing death and disability
worldwide. Cerebroma also belongs to one of the most deadly cancer
types with an extremely rare cure rate [11]. Therefore, thorough

indicators monitoring of cardiac, cerebral and cardiocerebral vascular
systems is of prominent significance for clinical pre-diagnosis, morbid-
ity/mortality reduction and instant drug or intervention therapy [10].
Flexible electronics and wearable sensors functioned to reflect the
real-time body signals of cardiocerebral vascular system, not only for
patients with chronic and acute diseases, are emerging upon the huge
market demand.

Presently, electronic devices find application in an increasingly
diverse array of fields [12-14], encompassing domains such as
biomedicine, where they are employed to monitor various human
physiological parameters [15]. For wearable and implantable devices,
the mechanical stiffness of traditional sensor devices can cause
discomfort to the soft tissue in contact, due to the impassable gulf be-
tween vivid organisms and rigid inorganic units. Wearable devices with
a rigid hardness that are typically mounted on the skin may cause skin
discomfort and skin irritation, and even lead to rashes and allergic re-
actions [16-20]. The situation will get even more complicated in
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implantable devices because rigid devices may also induce inflamma-
tory responses. Also, after long-term integration with organs, the func-
tionality of sensors may become unstable due to the mismatch between
the chemical composition and mechanical properties of rigid devices
and biological tissues. Then the resulting scar tissue may also reduce the
sensing of electronic devices [16,21,22]. In addition, rigid sensors often
cannot fit closely with skin or tissue which exhibit inherent curvature
and surface texture, thus may affect the accurate acquisition of signals
[16,23,24]. Furthermore, the performance of sensors is compromised
due to the unsatisfactory biocompatibility imposed by fluidic and hy-
drophilic bio-tissues [25,26]. In the domain of cardiocerebral vascular
systems, flexible electronic devices offer an array of distinctive advan-
tages, effectively surmounting the challenges posed by conventional
rigid counterparts in this realm. Beyond their inherent flexibility and
bendability, these devices also boast attributes of wearability [27],
comfort [10], implantability [28], biocompatibility [29], prolonged
monitoring and treatment capabilities [30], real-time monitoring [31],
heightened sensitivity, and enhanced accuracy [10]. Given the pro-
tracted nature of cardiocerebral vascular diseases, prolonged moni-
toring is often necessitated. However, conventional rigid devices tend to
be sizeable, cumbersome, and ill-suited to conform closely to intricate
biological tissue contours or wearable placement. In contrast, flexible
electronic devices can be rendered thin and lightweight, adept at
seamlessly conforming to bodily curves and contours, thereby lending
themselves to convenient surface adherence [27]. This innate adapt-
ability proves advantageous for medical monitoring and treatment ap-
plications, such as heart function assessment [32], brain activity
observation [33], and blood flow tracking [34]. Moreover, as alluded to
earlier, the utilization of implantable rigid devices may incite inflam-
matory responses, thereby potentially compromising sensing efficacy. In
contrast, flexible sensors predominantly employ biocompatible mate-
rials characterized by low irritation and biotoxicity, consequently
diminishing the likelihood of immune reactions [29]. Notably, owing to
their superior resilience and stability, implanted flexible sensors
circumvent the risk of damage or discomfort upon contact with the host
organism. This attribute enables extended and more profound obser-
vations [35] as well as real-time monitoring [31] of physiological pa-
rameters within the intricacies of the cardiocerebral vascular system.
Such attributes are particularly advantageous for patients necessitating
prolonged monitoring, significantly contributing to the diagnosis,
treatment, and overall management of diseases. Notably, rigid devices
might contend with signal distortion or inaccuracies stemming from
improper placement or individual movements. In sharp contrast, owing
to their enhanced conformity to the body’s contours, flexible electronic
devices yield heightened sensitivity signals, thereby facilitating the
discernment of nuanced physiological signal fluctuations [10]. There-
fore, smart flexible and soft sensors design and materials selection
provide possible solutions for aforementioned challenges. Researchers
input profuse and indefatigable efforts on working principles developing
and novel materials generation, while the latter needs characteristics
with light weight, natural fit on tissues, and better signal quality
[36-40].

Different from existing review articles [16,36,41-45] that primarily
focus on the fundamentals of flexible electronics and their applications
in all aspects, this review mainly summarizes recent breakthroughs of
flexible electronics specifically applied to cardiocerebral vascular sys-
tem and heart-brain network, aiming to provide relatively thoroughly
reference. In juxtaposition with pertinent reviews within the field [28,
46-48], this review stands out for its comprehensiveness concerning
flexible electronic devices dedicated to the cardiocerebral vascular
system. It not only delves extensively into the underlying principles and
materials but also furnishes illustrative instances of their practical ap-
plications. For the first section, relevant sensor types and working
principles were illustrated. Then the alternative electronic materials and
treatment methods for various purposes are expounded. After that, ap-
plications of flexible electronics related to these interested organs and
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systems are specially highlighted. Finally, we conclude their merits and
point out some limitations in this emerging field, thus will help to pave
the way for revolutionary flexible electronics, diagnosis assisted tools
development and human-computer interaction field.

2. Working principles

As the most crucial indicator in measuring human health condition,
several parameters of the cardiocerebral vascular system and the heart-
brain network, such as blood pressure (BP), blood oxygen saturation
(Sp0y), blood glucose (BG), etc., need to be monitored in real-time. For
instance, by tracking changes in SpO; over time, we can achieve
seasonable alerts for heart failure, sleep apnea, and other parlous con-
ditions. Scientists are inspired by the color-changing characteristics of
the hemoglobin molecules, thus creating commercial optical oximeters
to enable real-time, non-invasive testing of blood oxygen levels.
Therefore, by exploiting the specific characteristics of these physiolog-
ical signals, we can classify existing wearable or implantable sensors
into bioelectrical, optical, mechanoelectrical, electrochemical, temper-
ature and other types, as shown in Fig. 1. In subsequent chapters, the
working principle of various sensor types will be illustrated in detail.

2.1. Bioelectrical sensors

Bioelectrical signals relating to the state of tissues or organs alive are
widely used for clinical treatment, behavior analysis and disease pre-
vention. Among the cardiocerebral vascular system and heart-brain
network of human body, bioelectrical sensors based on electrocardiog-
raphy (ECG) and electroencephalogram (EEG) signals provide the most
critical messages for heart or brain diseases such as epilepsy, dementia,
and cerebroma [53]. Therefore, we will mainly focus on the illustration
of bioelectric sensors in these two areas.

2.1.1. ECG sensor

ECG is a technique for recording the heart’s electrical signal during
every cardiac cycle [54]. The depolarization and repolarization of car-
diac cells contribute to the generation of the cardiac electrical activity.
According to the standard signal image, the composition of the ECG
signals includes P-wave, PR-segment, QRS-complex, ST-segment,
T-wave, U-wave, PR interval and QT interval. Among them, the
P-wave, which is atrial depolarization, represents atrial contraction;
while QRS- complex wave means ventricular depolarization and T-wave
represents ventricular repolarization. These items are used as the char-
acteristic waveforms depicting the ECG signal in one cardiac cycle. The
PR- segment connects P-wave and QRS-complex, while the ST-segment
connects QRS-complex and T-wave, which is a process of slow ventric-
ular repolarization. The U-wave is behind the T-wave. The time between
the initial P-wave and the initial QRS-complex is represented by the PR
interval. The time between the beginning of the QRS-complex and the
end of the T-wave is represented by the QT interval [55]. Under a rest
state of a human body, compared with the outer potential of car-
diomyocytes, its inner membrane potential is more negative, which is
called resting potential. That is, the inside is negatively polarized rela-
tive to the outside, and there are excessive potassium ions (K") inside
the cell, while luxuriant sodium ions (Na™) are outside. This phenome-
non appears due to the high concentration of K" efflux in cardiac cells.
When the myocardium contracts, the permeability of the cell membrane
changes, Na' enters and K' effuses, thereby depolarizing the cell.
Hence, when cardiac cells are excited, they depolarize and then repo-
larize to form an action potential (AP) [56]. As we know, the most
critical part of one wearable ECG sensor is the skin electrode interface
[571. Skin electrodes measure the ECG by making direct contact with the
skin surface by measuring tiny potential differences across the skin
surface generated by the electrical activity of cardiac cycle. The con-
duction pathway and sequence of the cardiac action potential during the
cardiac cycle are as follows: sinoatrial node (SA node), internodal tract,
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Fig. 1. Flexible sensors related to cardiocerebral
vascular system. Bioelectric sensors include ECG and
EEG. Mechanoelectric sensors include piezoelectric
sensor, piezoresistive sensor, capacitive sensor, and
triboelectric sensor (Mechanoelectric sensors possess
the capability to transduce physical mechanical
quantities, such as pressure, into electrical signals.
Taking piezoelectric sensors as an example, the
piezoelectric effect is a distinctive material charac-
teristic observed in certain crystal materials, wherein
the application of force or pressure results in a
redistribution of electric charges. This alteration in
charge distribution can be sensed via electrodes in
contact with the crystal surface, thereby generating
an electrical signal. The principles governing the
remaining mechano-electric sensors bear resem-
blance to those of piezoelectric sensors.). Tempera-
& ture sensors include thermocouple sensor (A
thermocouple is integrated at the tip of a medical
catheter to measure temperature. When there is a
temperature change, the dissimilar metals in the
thermocouple generate a current, resulting in a
voltage that is related to the temperature. Through
appropriate calculations, the relevant temperature
information can be obtained from the voltage
generated.), thermistor sensor (The tip of a medical
catheter is equipped with a thermistor, which is used
to measure temperature. The thermistor is located at
the very end of the catheter. As the temperature
fluctuates, the resistance of the thermistor will vary
accordingly.). Optical sensors include PPG sensor

(LEDs placed on the side of the fingertip emit a light source that travels through human tissue. After the light is partially absorbed by the tissue, the PD placed on the
same side will detect the reflected light), FBG sensor (FBG sensor, which exploits the reflective spectral characteristics of a grating to gauge strain or temperature
variations. When the sensor is influenced, changes in the refractive index within the grating lead to shifts in the Bragg wavelength. By analyzing the spectral changes,
one can measure and interpret these wavelength shifts, thus enabling strain or temperature measurements), optical analyzer [49] (The optical analyzer used to detect
the concentration of metabolites has a cuvette that can provide a site for a series of chemical reactions between the metabolites and specific oxidases, and then
fluoresces under the excitation light source, and the photodiode converts the fluorescence into an electrical signal) and functional near-infrared spectroscopy (fNIR)
(Diagram of optically sensitive regions (banana-shaped regions) in the human brain’s near-infrared (NIR). After the near infrared light source illuminates the area,
the transmitted light or reflected light is received by the detector) [50]. Electrochemical sensors include oxygen sensor (The Clark electrode, which consists of an
anode and a cathode immersed in an electrolyte solution, has an oxygen-permeable membrane that allows oxygen molecules to enter, and is coated on the cathode,
where the oxygen molecules undergo electrolytic reduction to generate current) and electrochemical sensors based on enzyme electrodes (The enzyme on the
electrode reacts with the substance, and the resulting change is measured to obtain the concentration of the substance to be measured) [51]. Other sensors include an
ultrasonic sensor (The ultrasonic sensor emit ultrasonic waves after being stimulated by voltage, which are reflected after reaching the substance and then received
by the receiver), microwave sensor (Transcranial Microwave-induced thermoacoustic tomography image of the agar) [52] and magnetic sensor (When a conductor
(or magnetic-sensitive material) traverses through a magnetic field, the changes in magnetic flux generate an induced electromotive force (EMF). This induced EMF is
proportional to the strength of the magnetic field). Reprinted from Refs. [49][50-52] with permission.

atrioventricular node (AV node), His bundle, left and right bundle
branches, and Purkinje fibers [58]. The sum of the generated electrical
potential differences is conducted throughout the entire heart and sub-
sequently transmitted to the whole body, including the body surface. By
using ECG leads, a chart displaying the relationship between time and
positive/negative values can be obtained. ECG leads involve placing
electrodes in specific locations on the body’s surface, connecting them to
an ECG machine with lead wires to obtain cardiac signals from the body
surface. As an internationally recognized method for collecting ECG
signals, the conventional 12-lead ECG system requires a total of ten
electrodes, including limb leads and chest leads. Chest leads provide a
view of the heart’s horizontal cross-section. The proper electrode
placement and ECG-related waveforms during the cardiac cycle are
shown in Fig. 2a [59]. There have been reports describing the devel-
opment of devices that can wirelessly transmit signals obtained from
flexible ECG patches to smartphones by combining wearable devices
with near-field communication (NFC) technology [60].

brain reaches the cerebral cortex. In general, electrodes are fixed to
specific locations on the head. Physiological electrical signals from the
brain are transmitted to the electrodes, and the resulting voltage
changes are collected and ultimately processed and converted into EEG
waves [65]. The obtained EEG records the electrical signals formed by
the spontaneous and rhythmic electrophysiological activity of brain cells
in a time and potential correlation form. The fundamental characteris-
tics of EEG include cycle or frequency, amplitude (wave amplitude),
waveform and phase. Due to the abnormal brain electrical signals
generated during seizures in epilepsy patients, an EEG can effectively
diagnose various types of epilepsy with distinct features [66]. Based on
the recommendations of the American Clinical Neurophysiology Society
for electrode placement on the brain, there are two standard systems
available: the 10-20 system (depicted as black circles) and the 10-10
system (depicted as grey circles). The naming and location of these
two systems are interrelated, and Fig. 2b illustrates the names and po-
sitions of each electrode. In clinical settings, unless it is necessary to
pinpoint the exact location of the epileptic focus in patients with epi-
lepsy, there is generally no requirement for the precise positioning of
electrodes in the standard electroencephalogram for most patients [62,
67,68].

Both EEG and ECG use electrodes to record the body’s weak

2.1.2. EEG sensors

Similar to the principle of ECG commonly used in clinical fields, EEG
uses electrodes to detect changes in voltage caused by human physio-
logical electricity. Through ion conduction, the neuronal activity of the
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Fig. 2. The working principles of bioelectric sensors and optical sensors. a) Correct placement of 12-lead electrode (top left) [59]. The ECG signal correlates with the
cardiac cycle in a single lead (top right) [61]. A drawing of an ECG patch (bottom left) [60]. The movement of potassium and sodium ions of ECG signal (bottom
right) [10]. b) Electrode locations and labels in EEG-10 - 20 systems (left) [62]. Recommended electrode positions in the 10-5 system. The dots indicate positions
outside the 10-10 system, the hollow circles indicate additional position selection useful for 128-channel EEG systems (right) [62]. ¢) Transmission and reflection
modes of PPG (left) [63]. Changes in tissue light attenuation (right) [64]. d) Intensity modulation based FOS [49]. e) Optical analyzer [49]. Reprinted from Refs. [10,

49,59-64] with permission.

electrical signals. An EEG typically records the electrical activity of
neurons in the brain layer by placing electrodes on the scalp [65], while
ECG places electrodes mainly on the chest to record the electrical ac-
tivity produced when the heart muscle is active [57]. Both methods use
non-invasive techniques to convert acquired signals into visualized
waveform graphs.

The ECG is mainly used for the diagnosis and monitoring of heart
diseases. It records the electrical movement of the heart, including P
waves, QRS complexes, and T waves [55]. These waveforms can help
doctors assess the normal function of the heart or detect abnormalities.
In contrast, an EEG records the electrical activity of neurons in the ce-
rebral cortex, reflecting the functional state of the brain. EEG is often
used in the diagnosis of neurological diseases such as epilepsy [66]. Its
waveform features include o wave,  wave, 6 wave, etc. [69] These
waveforms reflect the electrical activity of the brain in different states.

2.2. Optical sensors

Since recent developments in wearable and flexible electronics have
shown their potential for anti-electromagnetic interference and
corrosion-resistant sensing applications with high precision and sensi-
tivity, this has sparked research into optical sensors [70]. Here, we
mainly introduce four main methods of optical sensors: photo-
plethysmography (PPG), optical fiber sensors, optical analyzers for
metabolic monitoring and near infrared spectroscopy (NIRS) sensors.

2.2.1. PPG sensors based on optoelectronic techniques

As the non-invasive method for monitoring vital cardiovascular
signals, photoplethysmography (PPG) enables the monitoring of blood
volume changes by measuring the light scattering caused by blood flow

[10]. Typically, the elemental composition of a PPG sensor includes a
pair of photodetector (PD) and light -emitting diode (LED). When
measuring certain signals of the human body as helpful information,
such as fingertip blood flow, the LED is placed on the side of the fingertip
to emit a light source, which penetrates the finger. The composition of
the finger includes skin, tissue, blood vessels, blood and bones, etc.
These parts will absorb part of the light, and then the PD is responsible
for detecting the remaining light. The PD can be placed on the same side
or the opposite side of the LED, which determines the detection methods
of transmitted or reflected types. Therefore, PPG sensors are generally
considered as classified into transmission and reflection modes (Fig. 2c)
[64,71,72]. When a light beam with a certain wavelength is irradiated
on the skin of the fingertip, the contraction and expansion of the blood
vessels caused by heartbeat will affect the transmission or reflection of
light. The transmission of light is represented by the light passing
through the fingertip in transmission PPG, and the reflection of light is
represented by the light reflected from the light source back to the skin
surface in reflection PPG. The light will be attenuated when it penetrates
the skin tissue and later reflects the photosensitive sensor. When the
heart beats, there is a transient change in the blood volume of the ar-
teries, which causes a difference in the intensity of the transmitted or
reflected light [10,73]. Finally, PD converts the captured light intensity
variation into electrical signal transformation, which is then processed
and outputted by internal circuitry to obtain real-time information on
the pulse beat.

In addition, as a crucial physiological indicator in the blood, timely
blood oxygen saturation (SpO2) monitoring can be obtained by the PPG
sensor with more than one LED. The principle of this device is to analyze
the difference in light absorption. Generally, the difference in light ab-
sorption between oxy-hemoglobin (HbO3) and deoxy-hemoglobin (Hb)
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in green light, red light and infra-red light is taken as the object of
analysis [10].

2.2.2. Optical fiber sensors

The optical fiber sensing system comprises three parts: light source,
fiber optic modulation area and light detector. The light source signal is
transmitted to the modulation area through the input optical fiber.
When the external parameters change (i.e., refractive index, pressure), it
will cause the physical characteristics variation of the input light wave
(such as intensity, wavelength, frequency and phase), and then the
output light wave is analyzed and processed by a photodetector, which
can further sense the alteration of an external signal.

2.2.2.1. Fluorescence detection. When a fluorescent molecule is irradi-
ated with light of a specific wavelength, it absorbs energy to reach an
excited state and emits fluorescence upon releasing the energy. The
principle of a fluorescence-based optical fiber temperature sensor used
for monitoring temperature is based on measuring the temperature-
dependent emission decay of a fluorescent dye [74]. The light source
of the sensor system is transmitted to the temperature-sensitive fluo-
rescent substance through an optical fiber. When excited by the light
signal, the temperature-sensitive fluorescent substance emits fluores-
cence, and its luminous intensity decreases with temperature changes
[49]. Some luminescent materials used in sensors have fluorescence
lifetimes that are temperature-dependent [75].As the temperature in-
creases, the fluorescence lifetime decreases. Fluorescence lifetime
measurements allow inference of temperature changes. [49] The basic
method of fluorescence detection is to measure the property and in-
tensity of a fluorescent compound emitted by light irradiation at a
specific wavelength. Compared with traditional non-focused and
confocal optical systems, optical fibers, owing to the miniaturized vol-
ume and flexibility, are commonly the carrier responsible for receiving
fluorescence signals or transmitting excitation light in fluorescence
detection systems. For example, as the most crucial parameter of the
intracranial health condition, temperature monitoring attracts re-
searchers inputting profuse and indefatigable efforts on optical fiber
sensors based on fluorescence detection, trying to overcome the problem
of miniaturization and implantability. In addition, with the high sensi-
tivity and selectivity of the fluorescent material, the optical fiber fluo-
rescence sensor provides booming application prospects in early disease
diagnosis and single-molecule recognition and detection [76].

2.2.2.2. Fiber Bragg Grating. As a typical passive filter device, Fiber
Bragg Grating (FBG) is a kind of diffraction grating formed by a certain
method to make the refractive index of the fiber core undergo axial
periodic modulation. In 1978, K-O.Haill et al. made the first fiber grating
by standing wave writing method in germanium doped fiber. After more
than 30 years of development, it has a broad application prospect in
laser, communication, and sensing. With the continuous improvement of
FBG manufacturing technology, it has gradually become one of the most
promising, representative and rapidly developed fiber-passive devices.
The mode coupling mechanism of FBG is that there is a coupler be-
tween the forward and reverse core modes. By design of a periodic
refractive index variation, the fiber can only reflect a specific wave-
length and transmit all others, thus forming a narrow-band (trans-
mission or reflection) filter or mirror in the core. According to the
coupled-mode theory, the central wavelength (Ag) of FBG is:

}"B = Zﬂgﬁ"/\

where n. is the effective refractive index of FBG in the core region, A is
the grating period of the FBG. In a real application, standard FBG is often
used in temperature measurement due to its excellent temperature
sensitivity [77].
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2.2.3. Optical analyzers for metabolic monitoring

An optical analyzer setup for basic testing consists of a measuring
cuvette, a sensing photodiode, and an illumination device, shown in
Fig. 2e. The function of a cuvette is to support the chemical reaction
between the detected metabolite and specific compounds, including
specific oxidases, to produce fluorescence for indirect measurement of
the amount of metabolite. Typically, the amount of the metabolite being
tested is directly proportional to the fluorescence intensity. After the
selected oxidase oxidizes the metabolite to be tested, hydrogen peroxide,
phenol, and 4-amino-antipyrine react to form a red-purple quinone
imine, which emits fluorescence under the excitation light source. The
fluorescence is converted into an electrical signal related to the con-
centration of the metabolite being tested through a photodiode [78]. By
measuring the fluorescence intensity, the concentration of the analyte
can be easily obtained [49].

2.2.4. Near-infrared spectroscopy (NIRS) sensors

In the field of brain research, monitoring changes in oxygenation of
the cerebral cortex is an object of interest, and optical methods based on
NIRS are increasingly adopted today [79]. The functional near-infrared
spectroscopy (fnir) optical brain imaging system possesses independent
components, which usually include a control unit and a continuous
near-infrared spectral sensor. For the latter spectral sensor, normally it is
comprised of the infrared light source and a detector. The wavelengths
in the spectral region of 780~2526 nm can record the frequency
doubling and combined frequency absorption information of chemical
bond vibrations such as C-O, O-H and N-H, which realizes the physi-
cochemical property measurement of hydrogen group organics [80].
After the near-infrared light source irradiates the detection target, it will
attenuate, and the component content of the detection target is analyzed
according to the transmitted light or reflected light received by the de-
tector. The system is capable of detecting and mapping changes in blood
flow and oxygen levels in the brain’s cortex, allowing for visualization
and quantitative evaluation of brain activity [80]. There exist various
discrepancies in the absorption characteristics of tissues upon different
wavelengths of near-infrared light. The brain components with light
absorption mainly include HbO5 and Hb [81]. Using the absorption and
scattering relationship between near-infrared light of multiple wave-
lengths and chromophore substances in brain tissue can obtain the in-
side concentration changes of HbO,, Hb and total hemoglobin [82]. This
enables the monitoring of neuronal activity, cellular energy metabolism,
and hemodynamics [83].

2.3. Mechanoelectrical sensors

As an essential part of the cardiovascular and heart-brain network,
the elastic arteries can pulsate significantly in response to the heartbeat
and blood pressure changes. For example, pulse detection in traditional
Chinese medicine plays a significant role in diagnosing symptoms.
Clinically, Chinese medicine doctors often use pulse diagnosis to eval-
uate the health status of the body, which is achieved by sensing the pulse
at the patient’s wrist with the doctor’s fingers. The finger’s skin has a
complex sensing network, so subtle mechanical vibrations are converted
into bioelectrical signals and transmitted through the neural network to
the brain for processing. Mimicking the property of human skin, scien-
tists have designed electronic skin to capture the body’s mechanical
movement signals. The electrical signals generated by electromechan-
ical sensors, such as resistance and capacitance, will change when they
are stimulated by the outside world, therefore, by demodulating changes
in electrical signals, sensing mechanical activity or motion can be ach-
ieved. These sensors usually consist of two electrodes sandwiching a
sensitive unit, which can be divided into four categories according to the
electrical characteristics of the sensitive unit: resistive, capacitive,
piezoelectric, and triboelectric devices [84]. For example, one way to
monitor heart rate/blood pressure is by placing sensors on the skin close
to the carotid or radial arteries so that vibrations from the arteries are
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transmitted to the sensors and generate a corresponding signal [85]. In
the application of monitoring the cardiocerebral vascular system, seis-
mocardiography (SCG) measures the local vibration of the chest wall
caused by cardiac mechanical movements such as myocardial contrac-
tion, heart valve motion, and blood flow turbulence [86]. In addition,
the center of gravity of the entire body changes slightly with each
heartbeat. Ballistocardiography (BCG) measures micromotions of the
body longitudinally or laterally caused by the body’s recoil [87]. The
detail of each mechanoelectrical sensors will be illustrated as follows.

2.3.1. Piezoelectric sensor

The principle of piezoelectric sensors is based on the electric po-
tential generated in certain materials in response to an applied me-
chanical force. With the external force applied to the solid material, the
variation in the separation between dipoles would lead to an accumu-
lation of charges on the electrodes. Hooke’s law and the electrical
behavior of the materials govern the basic principle of the piezoelectric
sensors by

S=sT
where S is the strain, s is the compliance of the material, and T is the

stress which is obtained by diving the applied force with the applied
area. And

D=¢E
where D is the electric charge density displacement, ¢ is permittivity,

and E is the electric field strength in the material. The equations can be
further linearly approximated to

S=S"T +dE
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D=¢"E +dT

Here, the superscripts on the strain and permittivity indicate that the
electric field (E) and stress (T) are held as constant. The above equations
confirm that the change of strain will lead to the change in the output
piezoelectric signal. Consequently, the applied pressure or strain can be
obtained by measuring the piezoelectrical signals of the piezoelectric
materials (Fig. 3a). This mechanoelectrical interaction is only present in
certain types of materials with no centrosymmetric crystal structures
[88].

2.3.2. Piezoresistive sensor

The piezoresistive sensors are based on monitoring the variation of
electrical resistance under the different applied forces. The following
equation describes the basic principle of the piezoresistive sensors.

oL

R
A

Where p is the resistivity of the conductive materials, L means the
device’s length, A represents the contact area. Generally, the resistance
of piezoresistive sensors decreases with increasing pressure due to the
compression and deformation of the device caused by external pressure,
which in turn increases the internal conductive path and decreases the
resistance. Therefore, the resistivity changes after the conductive ma-
terial are subjected to the applied pressure, and through certain circuit
detection the electrical signal output proportional to the force variation
can be obtained. Furthermore, piezoresistive sensors are a sophisticated
and suitable candidate for flexible and wearable devices because of the
more comprehensive linearity detection range and the higher stability

[94,95].
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micropatterned PDMS substrate, scale bar: 1 cm (top) [90]. Diagram of the sensing mechanism of a pressure sensor based on the AuNWs coated tissue paper (bottom)
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Flexible conductive materials, encompassing liquid materials and
conductive composites, have gained extensive usage in wearable health-
monitoring sensors based on piezoresistive principles. Liquid conductive
materials are typically integrated into elastomer-based fluidic micro-
channels, undergoing shape changes in response to mechanical stimuli
[96]. On the other hand, conductive fillers, spanning zero-dimension
nanoparticles (e.g., carbon black, Ag NPs, and Au NPs), one-dimension
nanowires or nanotubes (e.g., CNTs, SWNTs, AgNWs, and AuNWs),
and two-dimension nanosheets (e.g., graphene, MXene, etc.), can be
readily blended with polymers (e.g., PDMS, Ecoflex, etc.) to establish
conductive networks capable of accommodating substantial de-
formations. [97]These wearable sensors capture physiological signals
(heartbeat, pulse, etc.) converting them into electrical signals, thereby
facilitating the assessment of patients’ health status.

2.3.3. Capacitive sensors

Flexible capacitive sensors typically consist of two parallel electrodes
which sandwich a dielectric layer [88]. When a certain pressure is
applied to the sensor, elastic deformation occurs, and the distance and
the effective area between the top and bottom electrodes change,
eventually leading to a capacitance change (Fig. 3c) [88]. The following
equation describes the basic principle of capacitive sensors:

oA

C
d

Where C is the capacitance of the device, ¢ is the space permittivity,
g is the relative permittivity of the middle dielectric layer, d is the
distance between the two parallel electrodes, and A is the overlapping
area between electrodes. The values of effective dielectric constant and
distance between two electrodes are normally dependent on the applied
pressure, providing a possible solution to reflect the external pressure by
monitoring the capacitance variation. Thanks to the typical and simple
capacitive sensors, the parallel plate structure has a wide detection
range and high stability, making them a suitable candidate for moni-
toring finger and wrist motion, heartbeat and respiration [42].

2.3.4. Triboelectric sensors

Triboelectric nanogenerators (TENGs) have attracted much attention
in the field of flexible and wearable devices due to their simple con-
struction and excellent biocompatibility. TENGs has the characteristics
of efficient energy conversion, high sensitivity [98] and self-supplying
energy [99]. They are able to capture and store energy generated by
friction or mechanical motion for use in power supply. This means that
even if there is no external power source, TENGs can generate its own
electricity and achieve its own energy supply [99]. In addition, TENGs is
very sensitive to mechanical energy changes and is able to capture and
convert small amounts of motion energy, showing high sensitivity [98].
The two thin-layer materials with different triboelectric polarities in
TENG have different electronegativity upon contact, which leads to
charge transfer on the surfaces of the two materials, resulting in opposite
charges forming a potential difference. Induced by the electric potential
generated by the charge, electrons flow through the external circuit, and
the mechanical force is converted into electrical energy. Self-powered
triboelectric sensors convert applied pressure or strain into electrical
signals by causing changes in transferred charge in response to geo-
metric changes in pressure or strain [100]. The following equation de-
scribes the basic principle of the TENG sensor:

1
V= _WQ_‘_ Voc(X)

where V is the total voltage between two electrodes, C represents the
effective capacitance of the TENG sensor, X is the distance between these
two triboelectric layers, Q means the amount of transferred charges from

one electrode to another, and Vo is the open-circuit voltage component
contributed by the polarized triboelectric charges. Similar to
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piezoelectric sensors, the capability of TENGs to generate electrical
signals from mechanical motion makes it useful as a self-powered sensor
to detect these mechanical motions [99,101,102]. TENGs has four
different working modes: including contact-separation mode,
linear-sliding mode, single-electrode mode and freestanding
triboelectric-layer mode (Fig. 3d).

2.4. Electrochemical sensor

According to the working principles, electrochemical sensors can be
divided into amperometry [103], potentiometry [104], and voltamme-
try [105]. Amperometry is based on the measurement of electric current.
In a sensor, a potential is applied across a working electrode and a
reference electrode. The target analyte (including molecules or ions)
undergoes an electrochemical reaction on the surface of the working
electrode, thereby generating a current proportional to the concentra-
tion of the analyte. Measurement of this current yields the concentration
of the analyte [103]. Potentiometry is based on the measurement of
potential or voltage. In a sensor, the working and reference electrodes
are immersed in an electrolyte solution. The target analyte interacts with
the electrode surface, resulting in a change in electrochemical potential
or voltage. The concentration of the analyte is related to this potential
change, and by measuring the value of the change, the concentration of
the analyte can be determined. This method is commonly used for pH
measurement and ion concentration determination (Fig. 3e) [104].
Voltammetry involves measuring the current as a function of the applied
voltage. In the sensor, a potential is applied to the working electrode. By
changing the applied voltage within a specified range and measuring the
resulting current, a voltammogram can be obtained, which can reflect
electrochemical information such as the concentration of the target
analyte. The method is commonly used to detect a variety of substances,
including neurotransmitters (Fig. 3e) [105].

In this section, we focus on oxygen and metabolite sensors based on
electrochemical technology.

2.4.1. Electrochemical oxygen sensor

Electrochemical POy sensors for medical applications were first
proposed by Leland Clark in 1956 [106]. The Clark electrode operates
based on the reduction reaction of oxygen. Its structure, as shown in
Fig. 3f, consists of an anode and a cathode both immersed in an elec-
trolyte solution. The charged cathode is coated with an
oxygen-permeable membrane that enables the entry of oxygen mole-
cules. Upon reaching the cathode, oxygen molecules undergo electro-
lytic reduction, generating a current whose strength is proportional to
the number of oxygen molecules present. By computing the outcome of
this process, the partial pressure of oxygen can be determined [49].

2.4.2. Electrochemical sensors based on enzyme electrodes

The enzymatic electrode combining biology and electrochemistry,
proposed by Clark in 1962, laid the foundation for the development of
subsequent biosensors [107]. The enzymatic catalytic reaction that oc-
curs in the analyte is the basis for detecting the concentration of the
analyte, such as glucose concentration. The analyte and the enzyme
enclosed by a semipermeable membrane applied to the electrode un-
dergo a chemical reaction, leading to changes in pH or pO,. The mea-
surement of these changes can be used to infer the concentration of the
analyte. To measure blood glucose, the first-generation sensor based on
the glucose oxidase (GOx) electrode works by catalyzing glucose in the
blood using glucose oxidase (GOy), which forms gluconic acid and
hydrogen peroxide (Hy03) [108]. Afterwards, the HyO is electro-
chemically oxidized on the electrode surface which generates electrons
and produces a current. This current is directly proportional to the blood
glucose concentration, thus allowing for the inference of the blood
glucose concentration by measuring the resulting current [109]. The
“first generation” glucose biosensor is shown in Fig. 3g [51].

The fundamental principle of modern electrochemical analyzers
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used for measuring intracranial metabolites is similar to that of glucose
sensing. Commonly tested metabolites include pyruvate, glucose, glyc-
erol or lactate, and different oxidases are selected for each type of
analysis based on their specificity. These metabolites react chemically
with their respective immobilized oxidases, producing hydrogen
peroxide molecules that are electro-oxidized at the platinum electrode to
generate an electric current. To achieve better measurement results,
multiple membranes are usually employed. The outermost layer is a
catalase membrane that covers the electrode, which serves to oxidize
hydrogen peroxide into hydrogen and oxygen and discharge them out-
ward, preventing hydrogen peroxide from entering the measuring
electrodes and reducing errors. Following this is a diffusion-limiting
membrane designed to ensure that all metabolites to be tested are
oxidized within the oxidase layer. Next is a membrane that immobilizes
oxidases capable of specific catalytic reactions with the metabolites
being tested. Finally, a membrane through which only hydrogen
peroxide can pass is placed between the oxidase membrane and the
platinum electrode [49].

2.5. Temperature sensors

As a common monitoring modality to assess brain health, tempera-
ture monitoring includes various temperature sensors and probes based
on resistance temperature detectors (RTD) [110], thermocouples [111,
112], optical fibers [113] and thermistors [114]. In the Neuro-Intensive
Care Unit, it is clinically common to measure brain temperature using
probes that are equipped with sensors for oxygen and pressure moni-
toring [110].
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2.5.1. Thermistor sensor

The working principle of the thermistor is based on polycrystalline
semiconductor materials with negative temperature coefficients [110].
The thermistor inside the thermistor sensor detects temperature changes
based on the temperature-dependent resistance characteristics of semi-
conductor elements, and its resistivity varies accordingly when the
temperature is different [49]. A schematic diagram of a medical catheter
with a thermistor used for medical temperature measurement is shown
in Fig. 4a. The catheter tip is placed with a thermistor, which can be
connected to a cable for monitoring purposes [115]. In addition, there is
also a study monitoring brain temperature through a temperature sensor
with a thermistor, whose resistance value changes with temperature.
The resistance value of the resistor is measured by a digital measuring
instrument, thereby obtaining temperature and resistance variation
accordingly [116].

For cerebral blood flow (CBF) sensors based on thermal diffusion
flowmeter (TDF), the principle is based on the use of heat loss from the
internal heating element when blood flows through the probe, and the
amount of heat loss is related to the flow rate of the fluid. The compo-
sition of a TDF based CBF sensor includes two thermistors. One measures
the temperature of the blood while the other acts as a heating element.
An external circuit is used to maintain a constant temperature difference
AT between the two components. As blood flows through the probe, it
takes away heat from the internal heating element. The amount of heat
taken away varies with CBF, resulting in a corresponding change in the
power required to maintain a constant AT between the two thermistors.
By analyzing this power requirement, we can deduce information about
the CBF [121].
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Fig. 4. The working principles of temperature sensors and other sensors. a) A medical catheter with a thermistor at the tip for temperature measurement. The
thermistor is placed at the tip of the catheter. When the temperature changes, its resistivity will change. (left). Image of a thermistor array printed on the PI substrate
(right) [117]. b) A medical catheter with a thermocouple at the tip for temperature measurement. When the temperature changes, a current is generated between the
two materials, resulting in a voltage, which is related to the temperature, and the relevant temperature information can be obtained by calculation. (left). A
Textile-based temperature sensor (right) [118]. ¢) The principle of ultrasonic sensors for BP estimation and arterial diameter monitoring [10]. d) The schematic
diagram of an interrupted microwave sensor (left). A microwave sensor (right) [119]. e) The diagram of magnetic induction phase shift system (left) [120]. Image of
a flexible conformal MIPS sensor with a geometry of approx. 60 mm x 50 mm (middle). Picture of the bending deformation of the flexible conformal MIPS sensor

(right) [120]. Reprinted from Refs. [10,120,117-119] with permission.



R. Lin et al.

2.5.2. Thermocouple sensors

The basic building block of a thermocouple sensor is thermocouples
at the sensing tip, usually constructed of two materials with different
thermal properties. Due to differences in thermal properties, a change in
temperature induces a current between the two materials, creating a
voltage that can be measured to infer the associated temperature [49].
For the Licox temperature sensor (LN) and the Neurotrend temperature
probe (NT), the basis of their operation is the thermoelectric effect of the
thermocouple element [110]. The temperature difference between the
two soldering joints resulting in a voltage difference U is considered as a
thermoelectric effect [122]. Fig. 4b shows a schematic diagram of a
catheter with thermocouples for medical temperature measurement.

2.6. Other sensors

2.6.1. Ultrasonic sensors

In the medical field, ultrasound is mainly used for medical diagnosis
and clinical treatment. The main component inside the ultrasonic sensor
for medical application involves piezoelectric wafers [123]. Ultrasonic
sensors can function as both transmitters and receivers of ultrasonic
waves. When the ultrasonic sensor receives ultrasonic waves, it can also
convert them into electrical energy [124]. The measurement or in-
spection of the internal structures or organs of the body through ultra-
sonography is successfully achieved by high-frequency ultrasonic waves
generated with piezoelectric films [125]. When an ultrasonic sensor is
stimulated by a certain voltage, it can emit ultrasonic waves, which are
then received by the receiver. After the ultrasonic wave is transmitted
into the human body, it will be reflected inside the body, due to the
different structures and shapes of various tissues in the human body, the
reflected direction, intensity and other information of the waves are also
different [126]. Ultrasound technology is commonly used to measure
arterial vessel diameter, as it operates on the principle of transmitting
and reflecting ultrasound waves, illustrated in Fig. 4c. The time taken for
ultrasound waves to travel across the diameter of an artery is related to
its size, allowing the calculation of arterial vessel diameter based on this
measurement [127]. In addition, ultrasonic sensors can be used to
monitor the pulsating brain during craniotomy by the same basic prin-
ciple [128].

Photoacoustic imaging, a technique akin to ultrasound imaging, has
gained clinical acceptance in visualizing various human tissue structures
such as breast, blood vessels, muscles, and bones. One of its key ad-
vantages is its non-invasive and contrast agent-free nature [129].
Additionally, the capability of photoacoustic imaging to visualize mo-
lecular information makes it a promising technique for detecting oxygen
uptake and metabolism in biological tissues [130]. Photoacoustic im-
aging utilizes a pulsed laser with a short wavelength as the wave source
to generate images of biological tissues. When the emitted light is
absorbed by the tissue, it is converted into heat, leading to rapid tem-
perature rise and thermal expansion. Since the heat source is
time-varying, the resulting thermal expansion becomes unstable, pro-
ducing ultrasound signals that can be detected and converted into im-
ages [131].

2.6.2. Microwave sensors

The fundamental principle of microwave sensor is that the system
uses microwaves to irradiate the object to be detected so that the object
will scatter the microwave and generate scattered fields around it. By
measuring the scattered field, the complex permittivity distribution and
shape of the object can be reconstructed [132]. Microwave medical
imaging is now successfully adopted to detect several diseases like
stroke or cancer [132,133]. The emerging technology of Microwave
Induced Thermoacoustic Tomography (MI-TAT) holds great potential in
the field of medical imaging due to its high resolution and contrast ca-
pabilities. The principle behind MI-TAT is to use microwave pulses to
irradiate the tissue being examined. Due to dielectric loss, the energy
absorbed by the tissue is rapidly converted into heat, leading to an
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increase in temperature and thermal expansion. This difference in
temperature between tissues generates a strain force, resulting in the
creation of ultrasonic waves. These waves are then detected by
specialized equipment and used to create detailed images of the internal
structure of the examined area [134].

2.6.3. Magnetic sensors

The principle of electromagnetic induction is the working basis of the
magnetoelectric sensor. After a certain speed is applied to the sensor, the
coil will convert it into a certain induced potential, which will then be
outputted. As a typical passive sensor, the magnetoelectric sensor can
directly realize the conversion of mechanical energy to electrical energy
without an external power supply [135]. The magnetic induction phase
shift (MIPS) detection system, a detection method based on a coil sensor
as a sensing basis, is capable of monitoring cerebral edema (CE), which
is achieved by continuous real-time measurement of changes in the
electrical conductivity of objects [120]. Fig. 4e shows the basic principle
of magneto-induction-based MIPS monitoring. The whole system mainly
includes a signal source that generates a sinusoidal signal, an excitation
coil and a sensing coil, etc. The sinusoidal signal is divided into a
reference signal and an excitation signal by a separator, after which the
excitation signal is conveyed to the excitation coil. The primary alter-
nating magnetic field from the current-driven excitation coil penetrates
the nearby tissue to induce eddy currents that regenerate the secondary
magnetic field. The secondary and primary magnetic fields are collected
by the sensing coil. There is a phase difference between the reference
signal and the received detection signal. And a certain relationship exists
between the secondary magnetic field and the primary magnetic field,
which is related to the signal frequency, conductivity, relative permit-
tivity and relative permeability of the sample, etc. [120] In addition, the
magnetometer, a technical instrument that detects the Vout signal based
on a pickup coil, has also been studied in intracranial medicine.
RTD-fluxgate magnetometer sensors can be used to detect iron com-
pounds in patients with neurodegenerative diseases [136].

3. Materials

Flexible electronics with wearable and implantable potentials have
gained numerous attention from researchers. As an emerging electronic
technology, flexible electronics normally are built on tenable or
stretchable substrates such as plastic substrates, metal sheets, glass
sheets and rubber substrates, etc., which can thus work under situations
like bending, curling, compression or tension. Flexible wearable sensors
used for monitoring generally consist of three components: substrates,
electrodes, and sensing active components (Fig. 5) [10]. The materials of
sensing components mentioned in this review and the related references
are summarized in Table 1 at the end of this chapter.

3.1. Substrate materials

3.1.1. Polymers

Common organic materials used in substrates are polymers, silicone
and rubbers [42]. Among them, polyethylene terephthalate (PET), pol-
yimide (PI), polyetherimide (PEI), parylene or polyethylene naphthalate
(PEN) films have exhibited excellent flexible performance [186]. In
addition, polydimethylsiloxane (PDMS), poly (vinyl alcohol) (PVA),
paper sheets and natural textile materials are also considered as popular
flexible materials. Polymer materials are highly suitable as substrates for
flexible sensors due to their unique characteristics. Here are some key
advantages of using polymers in flexible sensors. Polymer substrates
offer excellent flexibility and bendability, allowing the sensor to
conform to curved surfaces and adapt to various shapes. This property is
crucial for applications requiring flexibility, such as wearable sensors or
sensors integrated into conformable devices [142]. Polymer materials
generally have a lighter mass compared to traditional rigid materials,
making the sensors more comfortable to wear and highly portable [187].
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Fig. 5. Materials adopted for the flexible sensors
related to the cardiocerebral vascular system. The
diagram of carbon material of electrodes and in-
terconnects: carbon nanotubes (CNTs) [137]. Dia-
gram of liquid metal based conductor of electrodes
and interconnects: eutectic gallium-indium (Egaln)

2 B electrode on a hydrogel [138]. Schematic image

LY > shows metal material of sensing active component:
<0 4 .

W ~ > N the strain sensor [139]. The photography of polymer

£ of sensing active component: PEDOT:PSS/GO com-

posite membrane with GO concentration of 50%
(v/v) [140]. The diagram of ionic liquid sensing
active component: an ionic liquid-coated porous
structure [141]. The photography of the sensor in the
center: flexible electronics [142]. Reprinted from
Ref. [137], [138], [139-142] with permission.

Metal material

Table 1
The materials of components mentioned and the related references.
Component Type Advantages Disadvantages Material Reference
Substrate Materials Polymers Flexibility, light weight, Low hardness, low thermal PDMS, PET, PI and Polymer fiber [143-147,148,
biocompatibility, stretchability stability and its textile, etc. 149,150-153,
154]
Natural Flexibility, air permeability Low hardness, low stability, Cellulose paper and Natural [155,156,157]
materials biodegradability water absorption, low chemical textiles, etc.

Electrodes and Solid metals Electrical conductivity, high hardness,

Interconnect durability, high temperature stability
Materials
Conductive Flexibility, light weight,
polymers biocompatibility, high machinability
Carbon High conductivity, light weight,
Materials biocompatibility
Liquid metals- Flexibility, high conductivity, low
based resistance
conductors
Materials of Carbon Light weight, high sensitivity, fast
Sensing Active Materials response speed, wide operating

Component temperature range, biocompatibility
Electrical conductivity, good thermal

conductivity, easy processing

Metal Materials

Polymers Flexibility, light weight,
biocompatibility, low energy
consumption

IL High electrical conductivity, high

chemical stability, low volatility

corrosion resistance

Low flexibility, heavy weight,
low chemical resistance, low
processability

High resistivity, low stability,
high fabrication cost

low stability, high fabrication
cost

Low stability, fabrication
complexity

low stability, high fabrication
cost

High weight, limited flexibility,
low biocompatibility
Low sensitivity, low stability

High fabrication cost, viscosity,
toxicity

Au, Pt and ITO thin films, etc.

polyacetylene, polyindol,
polythiophene, PPy, and PANI, etc.
CNT, graphene and carbon fiber,
etc.

Galinstan, etc.

Graphite, CNT, graphene, silk
georgette, tissue paper, cotton
fabric and even wheat bran, etc.
Ga and its alloys, metal NW and NP,
Galinstan, etc.

PEDOT-based polymers, PVDF and
its copolymers, PANI, PPy and
P3HT, etc.

[BMIM]ePF, etc.

[31,158-162]

[163-165]
[166,167,

168-171]
[172]

[143,173,174,
175,176]
[177-180]

[181-183,184,
185]

[141]

Many polymer materials exhibit good biocompatibility, meaning they
are compatible with biological tissues and do not cause adverse re-
actions or harm to the body. This enables the use of flexible sensors in
medical applications [188]. Certain polymer substrates possess
stretchable properties, allowing them to elongate or deform without
permanent damage. This provides the sensors with the ability to with-
stand stretching or bending forces during use without affecting their
performance [189]. Some polymer materials often offer excellent
resistance to chemical corrosion, making them suitable for use in various
environments. Sensors integrated with these polymer substrates can
withstand exposure to moisture, chemicals, or harsh conditions,

10

enhancing their durability and longevity [190].

3.1.1.1. PDMS. PDMS has been applied in multiple fields due to flexi-
bility, good biocompatibility, thermal stability and chemical resistance
and great processability, which also belongs to a hydrophobic silicone
material. Owing to these excellent properties, PDMS has broad appli-
cations in various fields such as sensors [191], microfluidics [192],
medicine [193] etc., among which it is mostly used as substrates in
flexible sensors. For example, one of the most common methods for
developing ECG electrodes is to fabricate metal electrodes on polymer
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substrates, while PDMS is typically adopted as the polymer substrate
[57].

Besides, Runzhi et al. [143] produced a pressure sensor using PDMS
as a flexible substrate in a novel synthesis method. The process involves
forming carbon nanotubes on Si/SiO, substrate and making the forma-
tion vertically arranged and finally partially embedded into the sub-
strate to form a certain stability. This is achieved by the atmospheric
chemical vapor deposition method. The sensor is constructed by placing
two vertically aligned carbon nanotubes facing each other as electrodes.
Owing to the flexibility of the substrate, the tensile effect of the substrate
reached 180% in the tensile result. The overall device also maintained
consistent performance in the test results, and the device has excellent
potential in the wearable field, where it can be used to measure indi-
vidual HR, muscle flexion and walking signals [143]. Stability and
sensitivity are important for wearable sensors used in medical applica-
tions. To improve these two properties of resistive pressure, Zhou et al.
[144], using unpolished silicon wafers as templates, used this simple
process to fabricate carbon nanowalls (CNWs)/PDMS with irregular
structures and used them as electrodes for the sensor. Similarly, the
sensor uses PDMS as the substrate to ensure flexibility, and the
three-dimensional structure of the electrode is displayed as a micro-
structure of the CNW inserted into the substrate. The experimental re-
sults show that the sensor has an excellent detection limit and can be
used to detect heart rate at least [144]. As mentioned earlier, microwave
imaging has corresponding applications in the medical field. Jamlos
et al. [145] used the popular graphene as the radiation material of the
UWB antenna, and used it as a sensor to try to apply it for tumor
detection and visualization. Using PDMS and a solution of magnetic iron
oxide (Fe304) nanoparticles as raw materials, the researchers combined
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the two to create a polymer-based substrate. As the principle described
before, microwave sensors can be used as a medium to realize the im-
aging of objects. For the head of patients with tumors, the presence of
tumors will increase the scattered signal so as to judge the existence of
tumors [145]. PDMS can also be used as packaging materials for sensors,
Ouyang et al. [146] Used the PDMS layer to encapsulate a self-powered
ultrasensitive pulse sensor for the monitoring of cardiovascular-related
signals, which is based on the operating principle of triboelectricity.
Signal analysis helps diagnose arrhythmias (atrial fibrillation) with
excellent performance (Fig. 6a) [146]. Koh et al. [147] used PDMS as
microfluidics channels and covering material to fabricate a microfluidics
measuring device, which monitors parameters related to epidermal
sweat, including sweat volume and rate, glucose, creatinine, lactate,
chloride and pH. The flexible, thin, multifunctional platform extracts the
tested object by collecting sweat from the surface of the skin without
chemical or mechanical irritation. (Fig. 6a) [147].

3.1.1.2. PET. PET s ahighly crystalline polymer resin commonly found
in life, which belongs to crystalline saturated polyester. It is a thermo-
plastic material known for its light weight, strength, and durability.
Compared to other plastics, it exhibits excellent inertia and is widely
used in various industries [194], such as frequently utilized as a sub-
strate film for electrochemical sensors during their production [195].
Palit et al. [148] fabricated an indium-zinc oxide (InZn,Oy) sensing
film which possesses chemical stability for extended-gate field-effect
transistor (EGFET) sensors, proposed according to a simple sol-gel
method on flexible PET (Fig. 6b). The sensor can be applied to detect
the dopamine content in biological samples including rat serum and
brain [148]. Gao et al. [149] fabricated a flexible integrated sensing
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optical image of the device on PDMS under mechanical deformation of 30% strain stretch (right) [147]. b) Schematic diagram of InZn,Oy EGFET on PET (left) [148].
Photography of the wearable FISA with integrated wireless FPCB and multiplexed sweat sensor array (right) [149]. ¢) Rendered images of equipment configured for
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sandwich structure [155]. f) GGFPS obtained after drying, with illustration showing details. (left) [157]. Schematic diagram of graphene gelatin decorating the
surface of cotton fabric (right) [157]. Reprinted from Refs. [146,147,148,149,152,153,154,155,157] with permission.
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array (FISA) on a PET substrate capable of contacting the skin and
enabling in situ multiplexed analysis of sweat for the detection of
glucose, lactate and electrolytes, together with skin temperature mea-
surement. The device facilitates the assessment of individual health
status such as hyponatremia, hypokalemia, stress ischemia and diseases
of blood glucose metabolism, etc. (Fig. 6b) [149].

3.1.1.3. PIL Properties such as light transmittance, surface roughness,
and temperature resistance are usually taken into consideration when
selecting materials for flexible substrates. PI is one of the organic ma-
terials with a polymer-based structure and the best comprehensive
properties. It is widely employed in various fields due to its chemical
corrosion resistance, high and low temperature tolerance, and excellent
insulation properties. As a result, it is considered the most promising
flexible electronic material [196].

PI films can be utilized in microfabrication processes to enable di-
versity in wearable sensor designs [42]. Kwak et al. [150] demonstrate a
wearable strain-gauge sensor applied for HR detection using PI as the
sensor substrate to ensure flexibility. In addition to the substrate, other
materials for the sensor are sputtered nickel-chrome and electroplated
copper for strain sensing. To achieve better physical motion inducing
and elasticity of the artery when the sensor was installed over the radial
artery, the fabricated device was attached to a silicone elastomer (Syl-
gard 170). The sensor can also linearly detect bend radii from 5 mm to
100 mm. It has the advantages of ultra-thin form and flexible properties,
and thus can be applied to devices for heart beating detection [150].
Billard et al. fabricated a neural probe consisting of eight group sensors
by depositing through-film vanadium oxide thermistors on glass and
flexible 20-pym PI substrates, which can conduct long-term measurement
and recording of localized temperature fields [151]. Gutruf et al. [152]
proposed a wireless multisite pacemaker incorporating ECG-sensing
electrodes using PI as a flexible circuit substrate with battery-free,
fully implantable multimodality, long-term stability and excellent
biocompatibility at the same time, it can be utilized for fully subcu-
taneous implantation in small animal models such as rats and mice.
(Fig. 6¢) [152]. Schwartz et al. [153] proposed a pressure-sensitive
organic thin-film transistor, fabricated as a sensor for cardiovascular
medical diagnosis such as radial artery pulse wave monitoring,
comprising components with polymer semiconductors on PI films. In
addition, the device features high stability and low power consumption
(Fig. 6¢) [153].

3.1.1.4. Polymer fiber and textile. Polymer fiber, a synthetic product
made by a unique process, is often used to deposit active materials as
well as its textile [197]. Presti et al. [154] proposed a facile
polyamide-based smart textile (ST) for detecting chest wall excursions
produced by respiration and heartbeat, which can be used to monitor
respiration and cardiac activity. Two fiber Bragg grating sensors (FBGs)
are encapsulated in a flexible material to form the sensor component of
the equipment. To evaluate the superior ST, respiratory rate (fg) and
heart rate (HR) were used as criteria, and the results showed that the
equipment was superior in fg and HR (Fig. 6d) [154].

3.1.2. Natural materials

3.1.2.1. Cellulose paper. Cellulose paper has emerged as a popular
sensor substrate due to its eco-friendliness, affordability, and biode-
gradability. Nanoscale cellulose is often added to enhance the paper’s
toughness, making it even suitable for sensor applications [198]. The
high strength and density of nanocellulose paper can be attributed to the
larger bonding area of its nanofibers, which allows them to form
numerous bonds with adjacent fibers [199].

Generally speaking, disposable wearable pressure sensors need to
solve the problem of high cost. Gao et al. [155] developed an all-paper,
environmentally friendly pressure sensor, which is a piezoresistive
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sensor capable of measuring pulse and human vocal signals. Nano-
cellulose paper (NCP) is used as the base material for printing electrodes
because it can guarantee the conductivity of electrodes. Silver nanowires
(AgNWs) are coated on tissue paper and used as the sensing part of the
sensor. The sensor not only has the advantages of green, low production
cost, and environmental protection due to its all-paper manufacturing
characteristics, but also has high sensitivity and excellent performance
maintaining under bending state (Fig. 6e) [155]. Das et al. [156] used
thermal reduced graphene oxide and a nylon-membrane (TRGO/NM) to
create a high-performance sensor for bioelectrical measurements and
solve the problem of biocompatibility without the usage of harmful
chemicals and complex processes. The proposed epidermal sensor can be
adopted to acquire ECG, electromyography (EMG), and EEG as well as
monitor human motion [156].

3.1.2.2. Natural textiles. Flexible textiles can serve as a carrier for
sensing electronics, and by combining the two, textiles with sensing
capabilities can be developed. These functional textiles are capable of
sensing the surrounding environment and transforming the data into
relevant information, providing support for intelligent applications
[200]. Textiles used as sensor substrates typically undergo pretreatment
prior to production. It is necessary to ensure that the physicochemical
properties of the textile are not significantly altered during the modifi-
cation process [200]. Compared to other polymers, textiles offer the
advantages of breathability and softness [201].

In pursuit of high sensitivity and convenient fabrication method of
the sensor, Zhao et al. [157] made graphene nanosheets (GNs) using
gelatin and graphene as raw materials and made GNs firmly fixed on the
surface of cotton fiber mediated by hydrogen bond and hydrophobic
interaction, thus producing a cotton-fabric based graphene/gelatin
functionalized pressure sensor (GGFPS) (Fig. 6f). The device is designed
to measure parameters related to movement and physiological signals,
especially pulse, which shows promising applications in the medical
field. The application of gelatin enhances the tensile properties of the
sensor. The interwoven microstructure between the cotton fabric and
GNs increases the sensitivity of the sensor because the interwoven
structure increases the conductive path and reduces the resistance when
subjected to pressure [157].

3.2. Electrodes and interconnect materials

Currently, electrodes and interconnects for flexible wearable elec-
tronics normally include solid metals, conducting polymers, carbon, and
liquid metals-based conductors. The detailed illustration of each mate-
rial will be described as follows.

3.2.1. Solid metals

Solid metals such as copper, silver and gold are commonly adopted
conductor materials, which are designed as electrodes and wires. Solid
metals are often fabricated into ultrathin ribbons and filaments in the
form of a fractal, serpentine, and kirigami structures due to their rigidity
[202]. Metal nanoparticles have good electrical conductivity and thus
can be sintered into wires or thin films.

In addition, materials such as Pt, Au and indium tin oxide (ITO) thin
films are also chosen as electrode materials to fabricate high-sensitivity
flexible sensors [88]. For example, Li et al. [31] fabricated a flexible
electrochemical sensor for real-time monitoring of nitric oxide (NO)
using patterned ultrathin Au nanofilms as electrodes, which were
wireless and biodegradable. Both the heart region and the joint cavity of
the study animals were tested for NO in the study [31]. In addition, Peng
et al. [158] fabricated an ultrasonic blood pressure (BP) sensor for BP
monitoring through piezoelectric 1-3 composites and stretchable elec-
trodes based on silver nanowires, which did not restrict body movement
and exhibited great flexible properties [158]. Ion et al. [159] fabricated
a flexible wearable sensor for BP monitoring with a polymer layer
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covered by a metal sensor and a flexible membrane containing micro-
fluidic channels. Microfluidic channels filled with electrolytes were
aligned on the configurated metal transducers (Au), which could sense
volume changes caused by the pressure applied in the channels upon the
presence of electrolytes [159]. For mental health keeping, one of the
main medications for preventing bipolar disorder (BD) is lithium, which
acts as a mood stabilizer. Criscuolo et al. [160] proposed an electro-
chemical sensor that detects lithium in sweat, a device that enables drug
detection monitoring in a non-invasive wearable form, which is useful
for overcoming the inconvenience of regular checks to control the ideal
lithium range in the blood. The whole system consists of a platinum
potential sensor and a silver reference electrode (RE). The platinum
potentiometric sensor has electrochemical nanostructures, which are
beneficial for potential response and stability in sensing. In addition, the
integrated flexible RE is chemically chlorinated and coated with
IL-doped PVC film to enhance stability [160]. Wu et al. [161] fabricated
a graphene-based flexible pressure sensor by converting GO to laser
scribed graphene (LSG) and employed silver paste together with copper
wires for creating connections. The device adopted the LSG pattern as
the sensing core with wide applications, such as respiration, pulse and
other physiological signal detection, also presented characteristics of
high durability, high sensitivity, flexibility and so on (Fig. 7a) [161]. Lee
et al. [162] proposed a flexible wearable patch with the enhanced
electrochemical activity of serpentine double-layer gold mesh and
gold-doped graphene, and the contained Ag/AgCl electrodes enable
glucose detection in sweat. The patch of the device consists of thermally
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actuated heaters, humidity, temperature, glucose, pH sensors, and bio-
absorbable microneedles which can release metformin to control blood
sugar in diabetic mice (Fig. 7a) [162].

Solid metals can also be applied in the fabrication of conductive
liquids. Conductive ink is made of conductive materials (carbon, copper,
silver and gold) dispersed in binder materials. It has a certain degree of
conductive properties and can be exploited for printing conductive dots
or conductive lines. For modern printing processes, conductive materials
are usually selected from conductive nano-inks, including nanoparticles
and nanowires. Conductive inks with metal nanoparticles can be used to
form electrodes for capacitive sensors by casting and annealing on the
substrate surface [42].

3.2.2. Conductive polymers

Conductive polymers are considered promising electrodes and
interconnect materials. Flexibility and stretchability can be obtained by
adding nonionic and ionic small molecules and incorporating them with
elastomers or hydrogels [10]. Conductive polymers such as poly-
acetylene, polyindol, polythiophene, polypyrrole (PPy), and polyaniline
(PANI) have been reported to be used as electrode materials for
rechargeable batteries [203]. Furthermore, conductive polymers are
known for their lightweight nature, corrosion resistance, short response
time, and high sensitivity, all of which contribute to their popularity in
sensor fabrication [204].

Pressure sensor suitable for human physiological signals detection
sometimes needs to embrace properties like paper-based, pure-organic,

Therapy

Sweat control .
(viii)-(x),

“EnisrarT”

AgNwW

o “D<‘ Layer 1 sticker

% Layer 2 Pressure,

- Temperature,
Layer 3+4 ~ — Gas sensor array
Thin-film cantilever CNT electrode ‘ Liquid metal
interconnection

(Galinstan)

| sensor array

Pre-stabilization film

i - —— Sweat stip
-

e ——+ Separation mmi]

—————— Water-proof film

Layer 4 : Liquid metal interconnetions

—
—el Patte \/
quid metal interconnecti
by using XYZ printer
+ Csensons
MF channel

Fig. 7. The electrodes and interconnect materials of the flexible sensors related to cardiocerebral vascular system. a) Schematic of a single sandwich-like sensor
containing an LSG pattern, two electrodes and a vertically integrated Eco-flex package (top 1). The triode-mimicking positive graphene pressure sensor with good
flexibility (top 2) [161]. Diagram of the diabetic patch (bottom 2). Electrochemical sensor array (bottom 1) [162]. b) Molecular formula of PPy (top 1). The PPy
electrode shown in black paper (printed paper) and the PPy active layer shown in white paper (tissue paper) (top 2). Photograph of printing paper (bottom 2).
Photograph of tissue paper (bottom 1) [163]. ¢) Schematic illustration of the structural components of the carbon-based biosensing platform (top 1). An image of
cantilever deflection caused by cardiomyocyte contraction and an example image of CNT electrodes. Scale bar: 500 pm (top 2) [170]. Diagram of a disposable sweat
analysis strip (bottom 2). Optical image of a disposable sweat analysis strip (left), temperature Sensors (TS) and Glucose Sensors ( W : WE; R : RE ) (top right) and
side view of the strip (bottom right) (bottom 1) [171]. d) Schematic of a skin-mounted multifunction (MF) sensor array with pressure/temperature and gas sensors
which are integrated by using directly printed liquid metal interconnects (top) [172]. Stretchable multifunctional sensor array images in stretched, bent and distorted
states. Scale bar: 2 cm (middle). Manufacturing process for stretchable MF sensor arrays (bottom) [172]. Reprinted from Refs. [161,162,163,170,171,172]
with permission.

13



R. Lin et al.

easy cutting and foldable, which can be achieved by choosing poly-
pyrrole printing paper with high conductivity as an electrode, and PPy
thin paper with low conductivity as the active layer (Fig. 7b). The
electrical conductivity of printing or tissue paper was tuned by
immersing them into reaction solutions of various concentrations of
pyrrole and ferric chloride for different reaction times. In addition to the
pulse, the signals monitored by the sensor also include sound, breathing,
and body movement [163]. Besides, a sensor for dopamine detection
with graphene oxide/poly (3,4-ethylene dioxythiophene): polystyrene
sulfonate (GO/PEDOT:PSS) composites was developed, exhibiting high
charge storage capacity at 100 Hz and low interfacial impedance.
GO/PEDOT:PSS composites have net negative charges and the charac-
teristic of enhanced interfacial, which optimizes both the sensitivity and
detection limits of the sensor to dopamine [164]. Lo et al. [165] fabri-
cated a polymer blend and patterned it by inkjet printing. The blend is
made from PEDOT:PSS raw material and has stretchable properties. The
researchers added solvents of different polarities to see the effect on the
material’s electrical properties. Finally, it was considered that 5 wt%
ethylene glycol added as an additive to the PEDOT:PSS aqueous solution
was the ideal blend among all the scenarios. In addition, further
combining the blend with poly (ethylene oxide) can be used to improve
the elasticity of the blend. The resulting polymer blend was inkjet
printed and patterned to produce films with excellent properties,
including high stretchability and electrical conductivity. In addition, the
mixture can be used as an interconnect and dry electrode for medical
PPG and ECG measurements [165]. Conductive polymer composites
enhance durability upon mechanical action by increasing the adhesion
of conductive polymers to textiles [205]. Therefore, a method to in-
crease the flexibility of conducting polymers is to prepare composite
materials, usually adopting polymers with high flexibility and stretch-
ability (such as polyurethane).

3.2.3. Carbon materials

Carbons and nano/micro metal particles, which are made in the form
of CNTs, metal plates, graphene particles and metallic nano/microwires,
tend to exhibit rigidity and lack of interconnectivity [10]. Flexible
conductive traces are often achieved by dispersing these materials in
elastomers to create infiltrated networks for conduction [206]. Both
CNTs and graphene show excellent electrical conductivity in perfor-
mance, and all can be considered electrode materials for capacitive
sensors [42]. The diameter of the nanowires largely determines the
optical and electrical properties [207]. It has been reported that the
conductivity and transparency of the nanowire networks with high
aspect ratios (length/diameter) are higher than those with low aspect
ratios [208]. In addition, photoelectric sensors are a classic type of heart
rate monitoring, and photoelectric devices need at least one transparent
electrode to transmit or collect light. By increasing the conductivity,
PEDOT:PSS is thought to be useful for transparent electrodes in opto-
electronics [209].

A new implantable electrochemical sensor developed by applying
silica nanoporous membrane to functionalized carbon fiber microelec-
trode exhibits the characteristics of high current stability and quick
response, which can be applied for continuous monitoring of oxygen
levels in vivo [166]. In addition, graphite can be used as electrodes for
developing sensor patches. Electrodes in an interdigitated pattern can be
formed by casting graphite powder on a 3D-printed mold [210].
Andreotti et al. [167] developed a sensor to detect serotonin (5-HT)
using nail polish and graphite powder to produce conductive inks. 5-HT
imbalance is thought to be involved in BP regulation [211], depression
[212], hypertension [213], and kidney diseases [211]. The sensor is
convenient in the application of electrochemical sensing and biosensing
[168]. There is a study to reduce the electrochemical resistance and
enhance the ascorbic acid diffusion by adjusting the graphene fabrica-
tion process, which is achieved by changing the self-assembly layer and
the modified region. In 500 pM ascorbic acid, the sensor exhibits an
excellent low limit of detection (0.11 pM). This simple method could
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improve the performance of sensors that detect dopamine. At the same
time, it is of great significance to further improve the sensitivity and
selectivity of electrochemical sensors [167]. A study has used poly
(o-anisidine) and CNTs (POA/CNTs) nanocomposites to modify glassy
carbon electrode (GCE), and the modified electrode exhibits durable
electron mediating behavior using the synergistic effect of composites
for dopamine (DA) detection. The sensor was used to selectively detect
the neurotransmitter DA with a wide linear range, and shows excellent
sensitivity, reproducibility, and performance stability [169]. Dou et al.
[170] fabricated a biosensing platform using carbon black (CB)-PDMS
composites and carbon nanotubes (CNTs), where carbon black
(CB)-PDMS composites exhibited piezoresistive behavior, the flexible
thin-film cantilever embedded with a strain sensor of the composite is
used to measure shrinkage, and carbon nanotubes (CNTs) with elec-
trochemical sensing capabilities are made for electrodes. This platform
is able to simultaneously measure iPSC contractile functions including
beating rate, beating rhythm, contractile stress and extracellular field
potential (Fig. 7c¢) [170]. Hong et al. [171] constructed a disposable
sweat strip using carbon as working electrodes (WEs) and Ag/AgCl
reference electrodes (REs) to form a glucose sensor. The entire device
integrates sweat-based sensing and vital signs monitoring, which can
combine measured glucose and physical activity data to assess
post-exercise blood glucose levels. To accommodate changes in glucose
sensor measurements due to temperature variations, an integrated
temperature sensor (TS) is included in the strip. (Fig. 7c) [171].

3.2.4. Liquid metals-based conductors

Liquid metals are extremely stretchable (infinitely) and electrically
conductive [214], combining them with polymers or elastomers will
provide promising electrical conductivity or mechanical properties [10].
Hong et al. [172] fabricated a skin-like, multifunctional stretchable
sensor array using directly printed Galinstan as an interconnect and a
polyurethane foam coated with multi-walled carbon nano-
tubes/polyaniline nanocomposites as the sensing material, which can be
applied to wrist pulse, ammonia gas measurement and body tempera-
ture (Fig. 7d) [172].

3.3. Materials of sensing active component

Flexible wearable sensors are divided into different types in line with
the mechanism, and various sensors with multifarious sensing active
element materials present great discrepancies in working principles
[10]. Resistive [161], piezoelectric [215], dielectric [216], and tribo-
electric [217] materials are commonly adopted for sensing active com-
ponents. Generally, carbon materials, metal materials and polymers are
used for manufacturing [42]. Graphite, CNTs, and graphene, which are
the different allotropes of carbon, are commonly applied in the fabri-
cation of wearable sensors [42].

3.3.1. Carbon materials

Graphite exhibits properties of excellent compressive strength,
corrosion resistance, electrical and thermal conductivity, and excellent
biocompatibility as well. These advantages promote its frequent adop-
tion in devices for biomedical applications [210]. Li et al. [173] fabri-
cated a 3D graphite-polymer flexible strain sensor using 3D graphite as
the key sensing element of the polymer composite strain sensor. The
sensor can achieve real-time health monitoring such as human pulse,
respiratory rate and throat vibration, and can also detect tiny move-
ments with high sensitivity and durability [173]. Additionally, Lee et al.
[174] mixed Cyo based on the C active layer into TAPC in a ratio of 20:1
to make a photodetector, and proposed a reflective patch-type sensor
according to the design freedom provided by organic technology. It can
be applied for pulse and blood oxygen monitoring, which has the
characteristic of ultra-low power consumption (Fig. 8a) [174].

Carbon nanotubes (CNTs) possess unique mechanical and physical
properties, among others, that make them desirable for various
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1). Tactile sensing array based on SI-TENG. The basic sensing pixels, profile, partially enlarged oblique and front views of the haptic sensing array are located at its
top left, top right, bottom left and bottom right respectively (top 2) [181]. SEM image of a 45° cross-section view of the Au microelectrode edge after FIB sectioning,
showing the poly (parylene) C encapsulating the metal lead and the exposed gold interface layer approximately 1.9 pm below the outer surface of the poly (parylene)
C (bottom 2). SEM image of a 45°cross-sectional view of the PEDOT:PSS/Au microelectrode after FIB sectioning, showing the uniform coating of the PEDOT:PSS layer
on top of the exposed Au contacts below (bottom 1) [183]. d) Schematic representation of the porous structure of an ionic liquid coating (top 1). Surface and
cross-sectional images showing the morphology of the porous cellulose acetate film loaded with 50 wt% ionic liquid (top 2). The sensor changes the contact area
between the porous dielectric layer and the electrodes in response to mechanical stimulation (bottom 2). The photo of cotton textile loaded with [BMIM]ePFg (bottom
1) [141]. Reprinted from Refs. [141,174,175,179,180,181,183] with permission. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

applications [218]. CNT has been utilized in the fabrication of perco- Graphene is considered to be a very potential material for sensing
lation conducting networks for elastic strain sensors, with high aspect applications. Its excellence lies in its mechanical properties and elec-
ratio quasi-1D structures [173]. Carbon nanotubes are known for being trical properties [221], which exhibit nearly perfect thermal properties
chemically inert and rigid, as well as having strong n-n interactions that and optical transmittance. Graphene has been used to make capacitors
contribute to their electronic properties. However, due to these char- electrodes and as fillers in the fabrication of piezoresistive composites,
acteristics, pure carbon nanotubes are not easily soluble in common which are similar to the CNTs mentioned above [42]. However, it is
polymers or volatile organic solvents, which can limit their process- difficult to remove the surfactant in the production process of graphene,

ability [219]. CNTs come in two types: single-walled CNTs (SWCNTs) and the cumbersome production method leads to its high production
and multi-walled carbon nanotubes (MWCNTs), each with unique cost [222,223]. In 2014, people discovered a method of using PI films as

structures. Thanks to their exceptional properties, CNTs have been raw materials to prepare graphene. The operation is to irradiate the film
found used in the preparation of multifunctional composite materials with a laser so that the PI films as carbon sources are graphitized, and
[219]. Composites for humidity and touch sensing include self-healing finally, porous graphene can be obtained [224]. This simplifies pro-
polymers combined with CNTs [220]. A piezoresistive interlocked duction steps and reduces reagent consumption, thus greatly reducing
microdome array which uses CNT composite elastomer film as compo- production costs. The mentioned method of laser-induced graphene
nent is able to detect various mechanical stimuli such as shear force, (LIG) was later adopted to make a variety of electronic devices [225].
twisting force, normal force, and bending force [143]. A Currently, piezoresistive and mechanically flexible pressure sensors
hybrid-response pressure sensor (HRPS) was constructed by sandwich- with a large measurement range have been fabricated using LIG,
ing a piece of highly porous nanocomposite (PNC) with two flexible providing promising prospects for the demand for pressure sensors
electrodes, which exploited the hybrid piezoresistive and piezocapaci- [226]. In order to obtain high precision in a specific range, Zhang et al.
tive responses of PNC to make itself high sensitivities in certain pressure [176] used graphene nanomaterials to attach and fill sponge-shaped
range (Fig. 8a) [175]. melamine to prepare a piezoresistive sensor. To ensure flexibility, the
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sensor used the material Ecoflex as the substrate. The sensor has a ver-
tical structure and can collect and detect physiological signals such as
heart rate (HR), blood pressure (BP) and pulse waveform [176].

3.3.2. Metal materials

Some metal materials commonly used in wearable sensors show
excellent electrical conductivity [42]. Metal nanostructures have found
widespread applications as conductors, and some metal nanomaterials
exhibit pressure-sensitive or heat-sensitive properties. Consequently,
they are increasingly being used to enhance the performance of sensors.
The most commonly used metal nanostructures are silver nano-
structures, gold nanostructures, and copper nanostructures. Copper
nanostructures, owing to their low cost and abundance, have emerged as
promising candidates for sensor applications, and researchers have
shown considerable interest in them. On the other hand, gold nano-
structures, despite being expensive, possess exceptional biocompati-
bility and oxidation resistance, making them ideal for certain sensor
applications [227]. Liquid metal has a melting point that is close to room
temperature. Moreover, it exhibits fluidity, flexibility, and exceptional
thermal and electrical conductivity. Mercury and gallium (Ga) are the
most commonly used liquid metals, but mercury is limited in its appli-
cations due to its strong toxicity. In contrast, Ga can be readily alloyed
with other metals, particularly post-transition and zinc group metals.
Consequently, resulting alloys exhibit lower melting points and higher
entropy. Liquid metals based on Ga are considered safe and hold great
promise for use in sensor applications [228].

Galinstan and PDMS were physically mixed by Oh et al. [177] to
synthesize Galinstan-PDMS composites and fabricate deformable
pressure-conducting rubber sensors. After the sensor is applied with
force exceeding a threshold value, the composite material will change
from non-conductive to conductive. The threshold is determined by the
ratio of liquid metal to PDMS, which is tunable during the preparation
process [177]. Cao et al. [178] utilized the cotton fiber coated with
reduced graphene oxide doped with silver nanowire (rGO-AgNW @cot-
ton fiber) to fabricate a piezoresistive sensor that can be applied for
detecting signals including pulse waves. AgNWs provide a fast transport
channel for charges, which improves sensitivity and reduces fast
response time, among which the rGO provides protection for AgNWs
from oxidation [178].

Choi et al. [179] prepared flexible Ag—Au nanocomposites with high
conductivity and biocompatibility by combining a mixture of Ag-Au
nanowires modified with hexylamine ligands in toluene, SBS elastomers,
and additional hexylamine composite material. Composite materials
fabricated wearable devices with skin-like exteriors and implantable
cardiac meshes can be applied to monitor electrophysiological signals
such as surface ECG, intracardiac, and surface EMG (Fig. 8b) [179]. In
addition, studies have reported that the fabricated sensors integrated
with conventional electronic devices through printing technology create
flexible sensing platforms. Wearable sensor patch adopts printed gold
electrodes to sense ECG signals and printed nickel oxide thermistors to
measure skin temperature (Fig. 8b) [180].

3.3.3. Polymers

Similar mechanical properties exist between organic sensing mate-
rials and many insulating based polymers. Organic materials, such as
PEDOT-based polymers with high transparency, thermal stability and
tunable electrical conductivity, can also be used to construct active el-
ements due to their great electrical properties [42]. Conductive polymer
materials such as PEDOT have gained significant attention in sensor
applications due to their unique properties. PEDOT fibers, gels, and films
are among the widely used forms of these materials that have shown
promising results in various sensing applications [229].

It has been reported that silicone rubber has been adopted as an
elastic dielectric due to its ultra-soft and tough properties, inherent
biocompatibility, a strong tendency to acquire electrons, and superior
mechanical properties to make a triboelectric nanogenerator (SI-TENG)
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for possible energy harvesting and multifunctional pressure sensing.
Great stretchability, detection resolution, sensitivity and fast response
time are achieved by embedding silicone rubber elastomer into a
continuous, planar yarn conductive network of three-layer twisted
silver-coated nylon yarns in a zigzag arrangement. The device can be
applied as a multifunctional electronic skin, which monitors arterial
pulse and voice vibration in real time. The SI-TENG-based pressure
sensor serves as a versatile tactile sensing array, offering stretchability,
flexibility, and comfort when worn on the human wrist. It can be easily
bent, twisted, and adjusted to accommodate different movements and
activities. (Fig. 8c) [181].

The interpenetration of poly (3,4-ethylene dioxythiophene) (PEDOT)
into nitrile butadiene rubber and poly (ethylene glycol) dimethacrylate
crosslinked material can fabricate PEDOT-embedded hybrid electrospun
fiber mats with great conductivity. Stretchable and flexible hybrid
electrospun mats with adjustable fiber orientation can be designed as
strain sensors to monitor body movement and muscle contraction, which
exhibits high electrical conductivity. The electrospun fiber mat has been
shown to support proliferation and cardiomyocyte adhesion [182].
Conductive composite poly (3,4-ethylene dioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is a promising polymer for conductive textile
applications due to its excellent performance in water solubility, making
it easy for roll-to-roll processing and compatible with many conven-
tional processing techniques [205]. Noted that PEDOT:PSS film is un-
able to withstand continuous bending and stretching due to a lack of
flexibility and stretchability which are necessary for flexible electronics.
The bending or stretching beyond the threshold value may initiate
cracks that will reduce the conductivity of the film. Therefore, printing
and infiltration of PEDOT:PSS inks into porous substrates such as fabrics
and cellulose papers can promote adhesion and work as a potential so-
lution [197]. Ganji et al. [183] fabricated microelectrodes by using Au,
PEDOT:PSS/Au, Pt, and PEDOT:PSS/Pt as different interface materials,
and investigated the corresponding EcoG devices. By comparing the
electrochemical properties of these electrodes, they found that PEDOT:
PSS has better capacitive charge coupling and Faradaic charge transfer
than metal electrodes. Due to this property, the electrochemical per-
formance can be improved and the noise can be reduced at smaller
electrode diameters (Fig. 8c) [183].

Poly (vinylidene fluoride) (PVDF) and its copolymers have the ad-
vantages of non-toxicity, light weight, and easy processing, thus they are
the representative active materials of piezoelectric sensors [230,231].
The resulting flexible sensor fabricated from PVDF (and its copolymer
PVDEF-TrFE) can be used in the field of medical measurement to detect
vital signals (HR and respiration), plantar pressure distribution, etc. [42]
The dielectric properties can be enhanced by adding inorganic fillers
with high dielectric constant, including barium titanate (BaTiOs3), tita-
nium dioxide (TiO»), zinc oxide (ZnO) and lead zirconate titanate (PZT)
dispersed into the PVDF matrix [184]. Due to the increase of the
piezoelectric strain constant coefficient value of PVDF, the pressure
sensing capability is correspondingly improved [232,233]. Shin et al.
[184] fabricated a high-sensitivity, wearable wireless pressure sensor for
HR monitoring. Hybrid films based on ZnO nanoneedle/PVDF exhibit
low polarization response time, high dielectric constant and excellent
durability [184]. PVDF also has plenty of applications in the clinical
field such as the treatment of infarcts or aneurysms. Based on the
traditional catheters and guide wires methods, Takashima et al. [185]
developed a catheter-type tactile sensor for minimally invasive surgery
that consists of PVDF film [185].

In addition to PEDOT:PSS, PANI, PPy, poly (3-hexylthiophene)
(P3HT), other semiconducting polymer organic materials are promising
sensing materials in the field of flexible electronics. These polymers are
also applied for making flexible electronics, such as channel materials in
field effect transistors (FETs) [234].

3.3.4. Ionic liquid
In the field of electrochemical sensor research, Ionic liquid (IL), a salt
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comprising organic cation and organic/inorganic anion [235], has
attracted extensive attention from scholars. IL can build strain sensors
by embedding them into PDMS-based microchannels, similar to liquid
metals [236]. Ionic liquids are a type of solvent with a low melting point
that exhibit biological activity. Some ionic liquids have been found to
possess antibacterial properties, making them a potentially useful tool in
the fight against bacterial infections [235]. In addition to this, a strategy
for fabricating flexible tactile sensors has been studied. The sensing unit
can be activated by loading the ionic liquid [BMIM]ePF¢ on the fabric
backbone of commercial textiles or synthetic porous membranes,
thereby the EDL capacitive interface is constructed when AgNWs or
flexible silver paste are coated on the substrate (Fig. 8d) [141].

3.4. Encapsulation

The encapsulation layer is a crucial component in safeguarding the
sensor element from various forms of environmental damage. Its pri-
mary function is to shield the sensor against physical and chemical harm
caused by mechanical stress, humidity, dust, liquids, and other external
factors. Additionally, it provides electrical insulation and protection,
making it easier to install and integrate the sensor into different devices
or systems [237]. The choice of material for the encapsulation layer
depends on the specific application requirements. Flexible materials
such as polyester film (e.g., PET) or polyimide (PI) are commonly
employed due to their excellent flexibility and bending properties [238].
These materials allow the encapsulation layer to conform to different
shapes and facilitate integration into complex structures. Apart from
polyester film and polyimide, other materials like thermoplastic elas-
tomers can also serve as suitable encapsulation layers for sensors. The
selection of these materials depends on factors such as the desired level
of flexibility, durability, temperature resistance, and compatibility with
the sensor’s surroundings. There are several main kinds of materials
used for encapsulation in flexible sensor. Organic polymers such as
epoxy resin [239], polyimide [240], offer good insulation properties,
low dielectric constant, making them suitable for insulated package.
Glass is often used in optical packaging due to its excellent light trans-
mission characteristics and chemical stability [241]. It helps protect
internal optical components while allowing light to pass through
effectively. Encapsulants such as silica gel [242] and polyurethane [243]
provide strong adhesion, chemical resistance, and mechanical strength.
They play a crucial role in protecting sensors.

3.5. Characteristics of materials in flexible electronics

Polymers in flexible electronics exhibit properties such as flexibility,
light weight, and biocompatibility [244], making them suitable for use
as substrates. When employed as sensing active components, they also
offer the advantage of low energy consumption [245]. Conductive
polymers, in particular, possess excellent processability and can be uti-
lized in electrodes and interconnects. Natural materials, with their
flexibility, air permeability, and biodegradability [246], are frequently
employed as substrates in wearable and flexible electronics. Solid metal
materials, on the other hand, possess characteristics such as electrical
conductivity, high hardness, durability, and high temperature stability
[247], making them ideal for producing electrodes and interconnect
materials in flexible electronics. These metals are also used as sensing
active components due to their electrical conductivity [248], good
thermal conductivity [249] and ease of processing. Carbon materials
exhibit high conductivity [250], light weight [250], and biocompati-
bility [251], allowing them to serve as electrodes and interconnects.
When employed as sensing active components, they demonstrate high
sensitivity [252], fast response speed [253], and a wide operating
temperature range [254]. Conductors based on liquid metals possess
characteristics such as flexibility, high conductivity, low resistance
[255], making them suitable for use as electrodes and interconnects.
Lastly, ionic liquids can function as sensing active components due to
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their high electrical conductivity, high chemical stability, and low
volatility [256].

4. Applications

In this chapter, the applications of flexible electronics applied with
the cardiocerebral vascular system and heart-brain network will be
elaborated on in detail. The cardiocerebral vascular network section
mainly involves the sensing applications of heart rate (HR), blood oxy-
gen saturation (SpO3), blood pressure (BP), blood glucose and other
related indicators. While the cerebral section mainly summarizes crucial
detection applications related to temperature, intracranial pressure
(ICP), cerebral blood flow (CBF), brain tissue oxygenation, cerebral
metabolism and other targets (Fig. 9). The mentioned flexible sensors
applied for indicators in the heart and brain are summarized in Table 2
at the end of this chapter, and the characteristics of the materials needed
for each usage and materials commonly used in each application
(including without limitation) are shown in Table 3.

4.1. Applications with cardiac and cardiovascular network

4.1.1. Heart rate

Heart rate (HR), which describes the cardiac cycle, refers to the
number of times the heart beats based on the first sound within 1 min.
There are individual differences in HR, at the same time, HR is also
depending upon age, gender, and other physiological conditions. For
instance, the HR of an adult with tachycardia can exceed 100 beats per
minute [335], whereas bradycardia is common in older adults [336] or
athletes [337].

For the proper detection locations of HR based on the working
principles of bioelectrical, optoelectrical, mechanoelectrical and ultra-
sonic techniques, they are generally placed on the chest, wrist, neck and
fingertips, etc. The resulting signal detected can be utilized as an indi-
cator to judge arrhythmias, such as atrial fibrillation.

The measurement target of the bioelectric technique is biopotential,
which can measure ECG signals [10]. Although plenty of wearable
systems are characterized by continuous monitoring and
non-invasiveness, most systems are not systematically verified for signal
quality and are limited to performance demonstration. For example,
textile electrodes that collect ECG signals are susceptible to
skin-electrode impedance resulting in distortion of ECG data [57].
Various factors can introduce errors to the ECG signal. Motion artifacts
caused by bodily movements such as breathing and voluntary muscle
contractions can induce relative motion between the body surface and
the electrode, as well as arterial pulses transmitted to the body surface.
As a result, accurate interpretation of the ECG signal requires careful
consideration and management of these potential sources of interfer-
ence. More recently, with the advancement of sensor technology, a new
generation of wearable sensor systems for infant monitoring has
emerged. Chen et al. [260] have addressed the challenge of collecting
ECG signals by proposing a replaceable electrode with a flexible
connection structure. The design of the electrode resembles a small
sandwich pad, where the upper layer of E-textile is connected between
metal lead buttons, regular cotton is placed underneath, and another
layer of E-textile forms the bottom layer. This unique design enhances
the electrode’s ability to withstand motion artifacts and minimizes
signal errors, making it an effective solution for ECG signal collection
[260]. In clinical settings, wired instruments used for monitoring the
vital signs of critically ill newborns are often heavy, as most currently
available equipment is rigid and wired. However, due to the fragile
bodies of neonates, it can be challenging for them to tolerate these de-
vices. In fact, the rigid components of monitoring equipment can easily
damage the delicate skin of newborns [338]. Once the skin is damaged,
most of the newborns with severe illness will aggravate their condition
due to lower immunity than normal newborns. This is why it is crucial to
prevent any secondary injuries caused by monitoring instruments.
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The flexible sensors applied for indicators related to cardiocerebral vascular system.
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Fig. 9. The applications of flexible sensors related to
cardiocerebral vascular system. Schematic diagram of
cardiac parameter tests (left) and schematic diagram
of brain tests (right). The photography of others
applied in the heart: The 24-well cardiac micro-
physiological device in the recording rack, which is
suitable for data acquisition within an incubator
environment [257]. The diagram of cerebral meta-
bolism applied in brain: DA detection.[258] The
photography of others applied in the brain: wearable
neurodegeneration monitoring device [259]. Reprin-
ted from Refs. [257-259] with permission.

Brain tissue
oxygenation

Cerebral
metabolism

Organ  Indicator Detected locations Working principles Related diseases Reference
detected
Heart HR Wrist, finger, neck, Bioelectric, optoelectric, mechanoelectric, ~ Arrhythmia, etc. [32,64,88,141,143,144,150,154,155,
chest, etc. ultrasonic, etc. 156,157,163,165,172,173,176,178,184,
260,261,262,263-267,268,269]
SO, Earlobe, finger, foot, etc. Optoelectric, etc. Hypoxia, etc. [269-276]
BP Arm, wrist, etc. Algorithms based on PTT, PAT and ML Hypertension, etc. [125,158,159,176,177,277,278,
from Bioeletric, optoelectric, 279-281,282-284]
mechanoelectric signal, etc.
Blood glucose Mouth, eye socket, Electrochemical, etc. Chronic pancreatitis, diabetes, [119,272,285-290,291,292,293,294]
epidermis, etc. hyperthyroidism, etc.
Other In vivo, in vitro, etc. Mechanoelectric, electrochemical, etc. Vascular bed surgery risks, [31,182,185,257,295,296,297,298,
applications etc. 299-301]
Brain Temperature Forehead, ear canal, Thermistor or thermocouple, etc. Fever, etc. [116,151,302-304,305,306]
head surface,
intracranial, etc.
ICP Intracranial, head Mechanoelectric, optical, etc. Infection, stroke, tumor, [302,303,307,308,309,310,305,311,
surface, etc. hydrocephalus, epilepsy, etc. 312,313]
CBF Intracranial, head Thermistor, optical, etc. Cerebral arteriosclerosis, etc. [34,314,315,316,317]

Brain tissue

surface, etc.
Jugular vein, head

Electrochemical, optical, etc.

Cerebral hypoxia, etc.

[166,303,318,319-321]

oxygenation surface, etc.

Cerebral Head surface, etc. Electrochemical, optical, etc. Ischemia or hypoxia, etc. [33,148,164,167,168,169,258,303,306,
metabolism 322,323]

Other In vivo, in vitro, etc. Bioelectric, electrochemical, etc. Neurodegenerative diseases, [145,156,160,185,259,324,318,319,
applications etc. 313,325-334]

Fortunately, flexible and thin wireless monitoring equipment can
address this issue, such as the wireless neonatal vital signs monitoring
system developed by Chung et al. [339] This monitoring system can
collect various physiological signals, including skin temperature data,
ECG, and PPG, to determine HR, HR variability, blood oxygen, respi-
ratory rate, and pulse arrival time. As the measurement module of the
system closely attached to the newborn’s skin, the Epidermal Electronics
Systems are installed on the chest and soles of the feet to record ECG and
PPG charts, respectively. The use of non-toxic ionic liquid and silicone
elastomer encapsulation protects the newborn’s skin from strong me-
chanical contact that may raise the risk of infection. Overall, this wire-
less monitoring system provides a safe and effective way to monitor a
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newborn’s vital signs without compromising their delicate skin condi-
tion. (Fig. 10a) [339]. The current tattoo-like epidermal electrodes are
often small in size, which limits their ability to effectively capture
large-scale physiological signals. However, Wang et al. [340] have
successfully developed electronic large-scale tattoo-like epidermal
electrodes that can accurately record ECG signals. To ensure that the
electrodes capture only the target signals and minimize errors caused by
other unnecessary electrical signals, the researchers incorporated a
compensation module into the design, which was validated through
experiments. This large-area epidermal electrode is fabricated with a
filamentous serpentine appearance through a unique “cut and paste”
fabrication process. In addition to ECG signal collection, these electrodes
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Table 3
The characteristics of the materials needed for each usage and materials commonly used in each application (including without limitation).
Heart Brain
HR SO2 BP Blood glucose Temperature ICP CBF Brain tissue Cerebral metabolism
oxygenation
Required Substrate Softness, thin design, Softness, Softness, Softness, etc. Softness, thin High bendability, Softness, Softness, durability,  Softness,
material etc. Durability, etc. plasticity, etc. design, high ductility, durability, ~biocompatibility, biocompatibility, etc. biocompatibility,
properties temperature stability, etc. etc. stability, etc.
resistance, etc.
Interconnect/  Conductivity, Conductivity, Stability, etc. Conductivity, Conductivity, Conductivity, Conductivity, Conductivity, Conductivity, corrosion
Electrodes stability, etc. stability, etc. durability, etc. stability, etc. stability, flexibility, elasticity, etc. stability, etc. resistance, etc.
scalability, etc.
Sensing Responsiveness, Fast response, Pressure Biocompatibility, high  Sensitivity to Pressure High sensitivity, High sensitivity, High sensitivity, high
Element stability, light/force stability, oxygen sensitivity, sensitivity, selectivity,  temperature responsiveness, etc.  stability, etc. selectivity, stability, selectivity, stability, etc.
sensitivity, etc. sensitivity, etc. sensitivity, stability, etc. changes, etc. etc.
durability, etc.
Encapsulation ~ Abrasion resistance, Optical clarity, Flexibility, Biocompatibility, etc. Thermal Durability, Durability, Durability, Biocompatibility, etc.
water resistance, abrasion abrasion conductivity, biocompatibility, biocompatibility, biocompatibility, etc.
pollution resistance, resistance, etc. resistance, stability, etc. etc. etc.
etc. sealing, etc.
commonly Substrate PI, Polyurethane PI, etc. PI film, polyester Polyester film (such as  PI film, PET film,  PI, PDMS, etc. PI, etc. Polyester film (such  PI, PDMS, etc.
used (PU), etc. film, etc. PET), polyimide film etc. as polyester film
materials (such as Kapton), PET), PI film, etc.
polyamide film, etc.
Interconnect/  Conductive textiles, Conductive Metals, etc. Conductive ink, Metal films, carbon Metal thin films, Metals, carbon Metals, carbon Metals etc.
Electrodes conductive Inks/ polymers, conductive polymer, nanotubes, etc. conductive nanotubes, etc. nanotubes,
colloids, metals, etc. conductive etc. polymers, etc. conductive polymers,
nanomaterials, etc. etc.
Sensing Semiconductor Semiconductor Silicon material, Glucose oxidase, etc. Semiconductor Silicon material, etc. Polymer optical Optical fiber, Enzymes, etc.
Element materials, metals, materials, etc. etc. materials, etc. fiber, semiconductor biological enzyme,
etc. material, etc. etc.
Encapsulation  Polyurethane, silica  Polyurethane, Polyurethane, Polyurethane, Polyurethane, Silica gel, elastic Polyurethane, Polyurethane, Polytrifluoroethylene
gel, etc. silica gel, glass, silica gel, elastic  polyethylene, silica gel, PDMS, etc. polymer, etc. silicone rubber, etc.  polyester, (PTFE), PDMS, etc.
etc. cloth, etc. etc. polyethylene, etc.
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Fig. 10. The applications of flexible sensors in HR. a) Images and related finite element modelling results of ECG and PPG devices bent around a glass cylinder [339].
b) The diagram of epidermal working electrode (EWE), exposed epidermal interconnects (EEI), epidermal compensation branch (ECB), epidermal compensation
electrodes (ECE) and their electrode-skin interface equivalent circuits [340]. ¢) The charge injection process into an AuNP FG using a conductive AFM tip. An
enlarged cross-sectional structure of the FG cell (red dashed box) and the charge injection mechanism are shown in the inset [341]. d) Schematic of a real-time
wearable heart monitoring system. A stretchable Au electrode measures the ECG signal, which is then amplified by a p-MOS CNT inverter in order to obtain a
high signal-to-noise ratio. The synchronous color change of the retrieved ECG signal is displayed by a wearable CTOLED [342]. e) Schematic illustration of con-
ceptual peripheral nervous system (PNS) neuromodulation with the function of restoring motor and physiological function (left) and the electrode-neural interface
(middle), the self-climbing process driven by body temperature (right) [345]. f) Device structure diagram of the flexible OPT [32]. g) Photograph of a skin-mounted
optoelectronic volumetric pulse wave sensor consisting of a QD-LED during LED operation and a QD photodetector wrapped around the subject’s finger [346]. h)
Optical photograph of the microfluidic diaphragm sensor [347]. i) The schematic illustration of the capacitive tactile sensor based on GDA [348]. j) Decomposition
(left, key functional layers are highlighted) diagram showing a capacitively coupled flexible sensing system with 396 nodes with a slightly bent. The photograph
(right) of the capacitively coupled flexible sensing system. Enlarged views of several nodes are shown in the inset [349]. Reprinted from Refs. [32,339-342,345,346,
347-349] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

have potential applications in prosthetic control and various other fields
(Fig. 10b) [340]. Until now, a few studies have validated nanoscale
experiments of charge confinement in tightly packed uniform nano-
crystals, and several reports have characterized the associated device
performance. Kim et al. [341] developed a wearable SiNM CTFM with a
nanocrystalline floating gate, and the assembly of gold nanoparticle
(AuNP) FG over a large area was achieved by the Langmuir-Blodgett
method. By using a conductive AFM, charges were introduced into the
AuNP floating gate (FG) following a preset procedure. Due to the po-
tential difference between the conductive AFM tip and the bottom sili-
con substrate, this creates favorable conditions for the trapping of
electrons in the AuNP FG between the tip and silicon. The memory de-
vice has a long retention time due to the non-existing particle-level
charge confinement of charge delocalization in the packed AuNPs. The
proposed device can be used for HR monitoring and long-term data
storage, achieved through multiplexing of storage devices and sensor
signal amplification (Fig. 10c) [341]. Carbon-based materials and ma-
terials play an important role in the fabrication of wearable sensors. A
proposed device with a p-MOS inverter based on a CNT transistor, a
stretchable electrode and a can realize the amplification of ECG signals
and real-time monitoring. This wearable ECG monitor enables color
visualization of ECG signals due to the integration of voltage-dependent
color-tunable organic light-emitting diodes (CTOLEDs) (Fig. 10d) [342].
Stimulating the vagus nerve has been shown to inhibit the activity of the
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sympathetic nervous system. This can result in a reduction of the release
of certain neurotransmitters, which ultimately leads to a decrease in HR,
vasodilation, and a drop in blood pressure [343]. Therefore, vagus nerve
stimulation (VNS) is considered to be useful in the treatment of some
cardiovascular diseases such as heart failure [344]. Zhang et al. [345]
have developed a shape-memory electrode that can be utilized for VNS.
This flexible electrode climbs onto the nerve at body temperature,
forming a wound electrode that perfectly conforms to the target nerve.
The key material responsible for this behavior is a smart shape memory
polymer. The unique “individual customization” of these electrodes not
only enables VNS but also minimizes geometric mismatches between
devices and nerves caused by individual differences and other factors,
making them highly valuable for potential applications (Fig. 10e) [345].

The measurement target of the optoelectrical technique is to detect
changes in light absorption, which can reflect PPG signals [10].
Extracting HR variability from PPG signals using machine learning al-
gorithms can also be used to assess subject sleepiness. Recently, Ryu
et al. [64] fabricated a flexible photosensor for detecting biosignals in
PPG devices using red organic light-emitting diodes (OLEDs) and
organic photodiodes (OPDs). The developed PPG sensor with a con-
ventional driving circuit was successfully applied in detecting PPG sig-
nals. Several studies with human bodies were conducted to evaluate the
performance of flexible PPG sensors in practical applications. Using a
machine learning algorithm, the subject’s sleepiness can be estimated
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based on the HR variability extracted from the PPG signal. The con-
ventional PPG sensor has an accuracy of 83.3% and an area under the
curve (AUC) of 69%, compared to 79.2% and 72.1% of this novel flexible
PPG sensor. With the experimental demonstration, the developed flex-
ible PPG sensor achieves similar or even better performance for sleepi-
ness estimation results [64]. Similarly, Pandey et al. [261] fabricated a
novel multi-wavelength OLED-OPD flexible PPG sensor for long-term
continuous monitoring of PPG signals with a time-interleaved, optimal
readout system based on high order auto-tune filter. Noted that the
experimental results confirm that the measurement error of the device
for HR is less than 3.4 bpm [261]. Moreover, a notable sensor fabricated
by Zhou et al. [262] acquires PPG signals by selecting the root of the
finger as the target location for the monitoring of ring-type Surgical
Pleth Index (SPI). The sensor array structure was simulated and vali-
dated by using the Monte Carlo approach. It is worth mentioning that
this study provides a ring-shaped medical system that uses sensors
extensively to obtain the patient’s status during surgery, which has great
potential in clinical applications [262]. PPG sensor is a widely used
sensor for detecting cardiovascular signals as mentioned above. Xu et al.
[32] have developed Near-infrared (NIR) PPG sensors that can detect
HRV and BP in both disposable and reusable forms, achieved through
different fabrication structures. While disposable sensors offer conve-
nience to users, reusable sensors are more budget-friendly. The dispos-
able sensor consists of an organic phototransistor (OPT) with a transfer
function and a reflective high-efficiency inorganic light-emitting diode
(LED) placed on the same side of the fingertip. An elastic acrylic adhe-
sive creates a tight contact between these elements and the skin, forming
a thin 25 pm film. In comparison, the reusable sensor uses a flexible
PDMS substrate that is much thicker (300 pm) than the disposable
version’s adhesive film, allowing it to be utilized repeatedly. Delemintae
OPT and LEDs are integrated into the substrate to form a film-like sensor
that can be wrapped around the fingertip. This hybrid sensor consumes
less power as it employs high-efficiency LED components (Fig. 10f) [32].
Quantum dots (QDs) have found numerous applications in various
fields, such as bioimaging and biosensing, thanks to their unique
electro-optic properties [350]. Kim et al. [346] have developed a pho-
tosensor that can record PPG signals. The LED in this device has a
multi-layer structure with the active layer solely composed of QDs, and
the anode of the LED is made from single-layer graphene. The use of
PDMS or Ecoflex ensures flexibility, while the entire structure is
designed to be both stretchable and foldable. The specific neutral me-
chanical planar design geometry embedded in the active layer mini-
mizes mechanical stress [240], preventing performance damage caused
by repeated actions like stretching during regular use. The PPG sensor is
formed by placing the LED and PD on opposite sides and can be wrapped
around a fingertip for PPG signal collection. (Fig. 10g) [346].

The measurement targets of the mechanoelectrical technique are
strain, pressure and, acceleration, etc., which can detect seismo-
cardiography (SCG), radial pulse, ballistocardiography (BCG) signals
[10]. As a case in point, Fan et al. [263] significantly improved the
response time of their previously reported MEM sensor by employing
cellulose nanocrystals. Fast-response nanocomposites were obtained by
adding carbon nanotube-cellulose (CNC) into PDMS, and CNC is an
environmentally friendly material with excellent mechanical properties.
Owing to the integration of the engineered PDMS bridge structure and
CNC-concentrated flexible MEM sensors, the device enables continuous
monitoring of signals such as HR from a wearable sensing platform using
a pressure sensor [263]. In another reported case based on the mecha-
noelectrical technique, an ultrathin, ultralight and highly sensitive
capacitive pressure sensor was constructed using flexible materials. A
dielectric film composed of insulating microbeads contained in PVDF
nanofibers was fabricated through an electrospinning process. To be
specific, the microbeads optimize the sensitivity of the sensor, as stated
in the study. For the application of physiological signal measurement,
the fabricated sensor can be used as a wearable sensor for breathing
signals and HR monitoring [264]. Furthermore, Tang et al. [265]
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proposed a flexible pressure sensor that possesses ultra-high sensitivity
in an ultra-wide pressure range for HR detection. It is made of a
sandpaper-molded multilevel microstructured PDMS and a reduced
oxide graphene (rGO) film. Except for HR detection, the sensor has the
potential for applications such as respiratory rate, vocal cord vibration,
wrist pulse, and foot pressure sensing [265]. In addition, several excel-
lent works related to HR monitoring are listed as follows: Josie et al.
[266] reported a pressure sensor with high sensitivity and flexibility for
monitoring respiration and HR by making vertically aligned, position-
and dimension-controlled ZnO nanotube arrays grown on graphene
layers [266]. Another reported sensor fabricated from sensing materials
developed by making conductive particles in a silica matrix with
non-conductivity has a similar sensitivity to existing sensors and can be
cut into desired shapes. The developed wearable strain sensor has the
capability for applications in the detection of HR and respiratory rates
[267]. To date, wearable SCG sensors have typically upgraded from
non-stretchable piezoelectric films or rigid accelerometers. Ha et al.
[351] developed an ultrathin and stretchable electronic tattoo with
SCG-sensing capabilities that can also measure ECG simultaneously. The
researchers adhered stretchable filamentous serpentine (FS) mesh
formed after PVDF film patterning with two layers of flexible medical
adhesive tape Tegaderm on the top and bottom, and then integrated Au
electrodes to create a highly flexible and adaptable design. Thanks to the
ideal flexibility and stretchability of the materials used, this electronic
tattoo can easily conform to the contours of the skin, providing a
comfortable and seamless fit [351]. Gao et al. [347] proposed a
high-sensitive microfluidic tactile diaphragm pressure sensor with high
response linearity based on Galinstan microchannels in the formation of
being embedded, which adopted an equivalent Wheatstone bridge cir-
cuit to exploit both tangential and radial strain fields. With a detection
limit below 100 Pa and resolution below 50 Pa, this proposed PDMS
wristband sensor can be used for wrist pulse and heart rate (HR)
monitoring (Fig. 10h) [347]. Generally speaking, the sensitivity of
capacitive sensors decreases with increasing pressure; although a large
number of microstructured dielectrics have been studied to overcome
this problem, this difficulty has not yet been resolved. Ji et al. [348]
proposed a novel dielectric layer that can achieve high sensitivity and
ultra-wide linear range that can be applied to capacitive tactile sensors.
It can produce customizable dielectric behavior. The principle is to use
the gradient micro-dome pixels of high-k micro-dome architecture
(GDA), and the micro-dome and the electrode are in sequential contact
with the pixels from higher to shorter, finally making the effective
permittivity of the GDA dielectric layer under pressure changes linearly.
The produced sensors can not only provide applications in medicine and
sports, such as measuring arterial pulse, motion state, joint flexion and
sound vibration but also can be applied to the transmission of morse
code for information communication (Fig. 10i) [348]. Electronic devices
used to monitor and treat cardiac arrhythmias may present a risk of
safety events due to electrochemical reactions between biological fluid
components and the device. The flexible electronic device array pro-
posed by Fang et al. [349] does not require direct metal contact for
electrophysiological measurements, and can simultaneously allow
capacitive coupling between tissue and devices, thus exhibiting great
properties of ultra-thin, leak-free, and biocompatible (Fig. 10j) [349].

The measurement target of the ultrasonic technique is to detect the
change in arterial diameter, which can reflect pulse wave signals [10].
According to recent reports, a flexible, lightweight sensor composed of a
PVDF piezoelectric film was proposed by Huang et al. [268], which
could be adopted to measure changes in the brachial artery diameter.
This improvement can reduce or avoid deformation of the artery under
the sensor and is capable of measuring changes in arterial diameter
corresponding to the cardiac cycle and minimizing measurement errors
caused by motion artifacts [268].

4.1.2. Blood oxygen saturation
Blood oxygen saturation (SpO2/Sa0Os), a crucial indicator of the
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respiratory cycle, refers to the percentage of the HbO, oxygen binding
capacity in the blood to the total capacity of Hb that can be bound by
oxygen. SpOs refers to the oxygen saturation measured by pulse oxim-
etry, while SaO, means arterial oxygen saturation [352]. The difference
between SaO; and SpO; may exceed three percentage points when ox-
ygen is insufficient [353]. In a normal scenario, the value of SaO, of an
adult is not less than 90% [354], some scholars define SpO, lower than
90% is considered as hypoxemia [355]. Hypoxia is a state in which
insufficient oxygen at the tissue level results in an inability to maintain
adequate homeostasis [356]. SaO5 is considered to reflect the respira-
tory function of the patient and the changes in arterial blood oxygen to a
certain extent. Therefore, the monitoring of SaO, possesses excellent
clinical significance.

The detection location of SpO2/SaO2 based on the working principles
of the optoelectric technique is generally placed on the fingertips, ear-
lobes, feet, etc. The measurement target of the optoelectric technique is
to detect light absorption changes, which can reflect PPG signals. The
detection of the signal can be used as an indicator for hypoxia judging
[10]. Low peripheral blood and pulse pressure in severe hypoxia can
make SpO; challenging to detect accurately. There are several reported
integrated compact structures of ultrathin and high-performance semi-
conductors that enable the convenient monitoring of SaO,. Li et al.
[270] propose a compact and highly sensitive flexible hybrid electronic
that can be installed in any arterial location for monitoring hypoxia
under the state of emergency treatment. The flexible device exhibits
powerful capacities for convenient hypoxia monitoring and accurate
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Sa0, detection with low concentration [270]. Measurement of oxygen
saturation in the blood of transilluminate tissue can be performed
optically, which is unfortunately not applicable to impenetrable tissue.
Current methods achieve single-point measurements providing and
lacking the capabilities of 2D oxygenation mapping. The sensor made by
Khan et al. [271] utilized the reflected light from the tissue to monitor
blood oxygen saturation. The proposed device, which achieves blood
oxygen detection is an organic, flexible sensor array made by combining
organic light-emitting diodes and organic photodiodes [271].
Commonly vital physiological parameters of an active individual are
often monitored during exercise and fitness training, including HR,
sweat pH, and SpO,. The stretchable optical sensing patch system
developed by Wang et al. [269] enables non-invasive monitoring of HR,
sweat pH and continuous monitoring of SpO; in real-time. The system
has excellent repeatability, with a deformation property of up to 35%
extra extension [269]. In clinical applications, an implantable device
needs to provide tight optical coupling with biological tissue and com-
plete the detection process within a certain period, and thus is possible
to realize diagnosis-assisted tools through biosorption. A bioresorbable
photonic platform fabricated by Bai et al. [272] that relies on mono-
crystalline silicon filaments as flexible transient optical waveguides
successfully realize biochemical monitoring such as glucose and oxygen
saturation with near-infrared spectroscopy. As seen in this study, the
platform has multiple applications in biomedicine [272].

In the field of electronics manufacturing, direct printing typically
involves depositing one kind of material layer by layer. However, Han
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et al. [273] proposed a unique method that allows for the printing of two
different functional materials within a single step. By using this
approach, they were able to fabricate a polymer light-emitting diode
(PLED) that, when integrated with a photodiode (PD), was capable of
measuring blood oxygen saturation through reflectance mode. Notably,
the study also demonstrated the successful fabrication of PLEDs with
three different colors (green, red, and near-infrared emitting properties),
highlighting the versatility and potential of this innovative printing
process (Fig. 11a) [273]. In addition to their potential for clinical
medical applications, ultra-thin flexible electronics offer advantages
such as low manufacturing cost and high throughput processing. One
noteworthy example is the ultra-thin organic optical system proposed by
Yokota et al. [274], which allows for measuring human blood oxygen
and displaying the resulting data directly on a photoelectric skin
(oe-skin) attached to the human epidermis. To achieve this, the system
utilizes unique ultra-thin and flexible PLEDs and OPDs that maintain
their performance despite their minimal thickness. The ultra-thin PLED
includes a composite layer consisting of SiON and parylene alternately
stacked as a passivation layer. This multilayer structure has a total
thickness at the nanometer level, ensuring its ultra-thin properties.
Remarkably, even in a crumpled state, the ultrathin PLED exhibits
excellent mechanical flexibility due to its incredibly small bending
radius (100 pm) (Fig. 11b) [274]. Lochner et al. [275] have proposed
another pulse oximeter design that requires low fabrication cost. Their
approach involves using two OLED arrays and two OPD placed on the
opposite side. By combining these components with a flexible elastic
substrate, the PPG sensor can be wrapped around a fingertip to capture
PPG signals. The red and green OLEDs are paired together and inte-
grated onto a flexible substrate, the resulting sensor boasts both a large
sensing area and superior flexibility. Impressively, its accuracy in
measuring blood oxygen saturation is nearly on par with that of a
commercially available oximeter, making it a promising candidate for
non-invasive healthcare monitoring (Fig. 11c) [275]. Kim et al. [276]
have developed a remarkable photovoltaic sensor that is compact,
lightweight, and versatile enough to collect blood oxygen, heart rate
(HR), and HR variability information wirelessly across the body. The
circular oximeter has a width of only 1 cm and a thickness of 5 mm,
making it highly flexible and ideal for attachment to various sites almost
unlimited, including nails and earlobes. Its small form factor and flexi-
bility make it easy to apply, with the added benefit of reducing skin
damage caused by mechanical friction. Moreover, unlike bulky sensors,
this tiny device can be installed on solid keratinized skin, such as fin-
gernails or toenails, almost without causing any harm to the user. This
characteristic sets it apart from large sensors, making it a safer and more
practical option for collecting vital signs data. For long-term nail sur-
gery, the device minimizes the risk of irritation and motion artifacts, as
discovered (Fig. 11d) [276].

4.1.3. Blood pressure

Blood pressure (BP), which refers to the lateral pressure acting on the
blood vessel wall per unit area when blood flows inside the blood vessel,
is a common parameter for human physiology monitoring. Hypertension
is defined as systolic BP > 140 mmHg and/or diastolic BP > 90 mmHg in
adults over the age of 18.[357] while hypotension is defined as BP below
90/60 mmHg [358]. BP is a key indicator that can be used to determine
the cardiac function and peripheral vascular resistance, which plays a
remarkable role in cardiovascular disease diagnosis [359].

BP measurement is typically based on the working principles of pulse
transit time (PTT) and pulse arrival time (PAT). These BP-related pa-
rameters can be obtained from PPG, BCG, ECG, SCG and mechanical
pulse wave signal sensing. The resulting signal detected can be used as
an indicator to judge arterial diseases such as hypertension [10]. The
development of oscillometric functions and algorithms for automated
non-invasive BP monitoring devices requires low-cost pressure sensors
with high sensitivity in clinical trials [360]. Bijender et al. [277]
developed a flexible pressure sensor with hypersensitivity using a
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porous PDMS elastomer layer. The proposed sensor based on a capaci-
tive switching mechanism exhibits properties of fast response, low
detection limit, and a large working pressure range, which is quite
suitable for application in wearable BP devices [277]. Although the
existing BP monitoring devices are broadly adopted in current clinical
fields, their performance is still insufficient for future developments in
daily BP monitoring. A piezoelectric composite ultrasonic sensor with
flexibility fabricated from silver nanowire-based and stretchable elec-
trodes and Lead Zirconate Titanate (PZT-5A)/PDMS anisotropic 1-3
composite enables continuous monitoring of BP. According to experi-
mental verification, as stated, the sensor has the characteristics of suf-
ficient bandwidth and sensitivity [278]. The exploration of a
comfortable, low fabricating cost and accurate wearable sensing system
could help to address the current limitations of blood pressure moni-
toring. Luo et al. [361,362] proposed a wearable tactile sensor array
attached to the temporal and ankle regions using paper substrates, and
spray-deposited metal electrodes. It monitors the BP pulse waveform for
HR and HR variability information [279]. Biocompatibility, high
sensitivity, flexibility and stretchability are preferred for pressure sen-
sors used for precise pulse measurement [361,362]. Porous
graphene-based flexible pressure sensor for detecting HR, respiration
rate, pulse wave velocity, and BP was fabricated by Peng et al. [280]
through an in situ fabrication method using ink printing technology,
which exhibited desirable electromechanical properties with high
sensitivity, high resolution and a wide range of detection [280].

Elucidating the piezoelectric response to arterial pulses is critical for
the improvement of wearable devices capable of accurate and contin-
uous BP monitoring. Researchers investigated the correlation of BP
waves and piezoelectric arterial pulse waves from the nano-to the
macro-scale thickness of the piezoelectric functional layer [281]. It has
reported a developed wireless wearable continuous BP monitoring sys-
tem that is more portable than other traditional systems. The novel
system rests on pulse wave velocity between multiple sensors by
studying the correlation between piezoelectric pulse waves and BP
waves. Furthermore, another wearable BP monitoring system based on a
wireless data acquisition module and two piezoelectric sensors devel-
oped by Yi et al. [281] can acquire arterial pulse waves and achieve the
effect of accurate and continuous recording. Blood pressure is assessed
by pulse wave velocity, which can be calculated from the time difference
between two arterial pulse waves. Pulsating blood flow will cause
changes in blood vessels. Two sensors placed on the elbow and finger
can measure the arterial pulse respectively. Since the blood flow flows
from the proximal end to the distal end, there is a time difference be-
tween the two pulses. (Fig. 12a) [281].

Epidermal electronics are commonly required to achieve high-
sensitivity detection of low-amplitude signals, noise reduction of mo-
tion artifacts [363,364], low manufacturing costs, and long-term
comfortable wearability. Existing epidermal pressure sensing devices
are often not fully equipped due to the complex multi-layered structures
involved. Zhu et al. [282] successfully introduced an epidermal-ion
subinterface (EII) with high sensitivity, anti-noise properties, and high
adaptability capable of incorporating human skin as part of the sensor.
The interface works by exploiting a novel sensing mechanism of inter-
facial ionic capacitance. The EII, which consists of a supporting flexible
substrate, an ionic electrode layer, and an adhesive layer, has a simple
structure. When subjected to an external mechanical load, the ionic
electrode deforms to form an electronic-ionic contact with the skin,
thereby inducing the generation of ionic capacitance. The
skin-electronic contact area increases with the increase of the external
load, and this change is reflected in the change of the capacitance value,
which can be detected. It can obtain signals such as BP waveforms and
has the characteristics of long-term stability and repeatability (Fig. 12b)
[282]. Flexible electronics have become increasingly popular due to
their unique properties and applications. One of the key features for
optimizing flexible electronics is achieving primary energy autonomy
and seamless integration. A recent study by Petritz et al. [283]
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demonstrated this by fabricating ultra-flexible ferroelectric polymer
sensors and organic diodes on ultra-thin parylene plates, each only 1 pm
thick. These devices were able to measure BP and pulse signals using
ferroelectric polymer transducers, while also maintaining energy au-
tonomy through the piezoelectric effect. This means that the device
could collect electrical energy from mechanical pressures such as limb
movements, arterial pulsation, and respiratory floating. The generated
AC signal is then converted into a DC signal through a rectification
circuit and stored in an energy storage device. Additionally, the use of
carrier materials with excellent deformation enhances the sensitivity of
the device. Overall, the integration of these key features allows for the
development of highly efficient and autonomous flexible electronic de-
vices. The advantages make the device a wireless, imperceptible elec-
tronic patch that can precisely monitor of pulse and BP (Fig. 12c) [283].
There is currently no wearable multimodal sensor capable of simulta-
neously measuring multiple biophysical signals using SA and RA re-
sponses at the same location as Chun et al. indicated. To solve this
puzzle, Chun et al. [284] have created a wearable compact gel sensor
using PVDF-TrFe gels and PANi-PVC composite gels to recognize the
signals from SA and RA receptors, and the flexible, portable, compact
and adherent all-gel integrated multimodal sensor combining four
component sensors enables the monitoring of EMG, BP, MMG and ECG
signals successfully (Fig. 12d) [284]. Wearable devices with inherent
mechanical properties that record signals on superficial tissues or under
the epidermis are commonly restricted by their placed locations. The
ultrasound device proposed by Chonghe et al. [125] allows continuous
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monitoring of central blood pressure (CBP) in the deep vascular system
with a wearable form while ensuring a close fit to the skin surface. The
vertical interconnect access (VIA) serves as a crucial link between the
upper and lower electrodes, facilitating co-planar anisotropic conduc-
tive film (ACF) bonding for bolstering the sturdiness of the device. The
installation site can be the neck of the human body. The device, based on
the pulse-echo method, uses a highly directional ultrasound beam to
measure the pulsating vessel diameters of the carotid artery, internal
jugular vein, and external jugular vein in order to obtain CBP. The ul-
trasound of this ultra-thin, stretchable device penetrates the body tissue
to a depth of 4 cm, allowing for non-invasive, accurate monitoring of BP
waveforms in deeply embedded arteries and veins (Fig. 12e) [125].

4.1.4. Blood glucose

Blood glucose refers to the glucose concentration inside the blood, of
which the fasting value normally falls between 3.92-6.16 mmol/L
[365]. As a crucial energy source, glucose is an indispensable compo-
nent of the human body for various tissues and organs’ daily operations
[366]. When the blood glucose is pathologically increased, it is
commonly clinically indicated organisms are in chronic pancreatitis
[3671, diabetes [368], hyperthyroidism [369], myocardial infarction
[370], intracranial hemorrhage [371], etc. When blood glucose patho-
logically decreases, it typically reveals disorders in islet cell tumor
[372], hypopituitarism [373], hypoadrenalism [374], etc. Since minor
changes in blood glucose can affect the main organs, blood glucose
monitoring is of great clinical significance. At present, non-invasive
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techniques for measuring glucose concentration include reverse ionto-
phoresis, Raman spectroscopy, photoacoustic spectroscopy, fluores-
cence, polarimetry, metabolic heat conformation, thermal emission
spectroscopy, absorption spectroscopy, ultrasound etc. [285].

Blood glucose detection through electrochemical measurement aims
to analyze concentrations in saliva, tears, sweat, and interstitial fluid
(ISF), which can be collected to measure current or voltage. The
resulting signal detected can be used as an indicator to judge diabetes
[10]. Unfortunately, traditional invasive methods of measuring blood
glucose will normally lead to infections in diabetes patients. Hassan
et al. [285] fabricated a non-invasive glucose concentration detection
sensor with low fabricating cost, which uses the glucose concentration in
urine as a reference, and is able to distinguish between different levels of
glucose concentration in deionized water [285]. Furthermore, a flexible
sensor for non-invasive epidermal glucose monitoring through micro-
wave means has been reported. Ordered nanostrips were fabricated with
a nanoscale printing method, and glucose oxidase was doped into the
nanostrips to fabricate a nanostrip-based flexible microwave enzyme
biosensor. The sensor can achieve glucose detection with a low detection
limit, high sensitivity, fast response, high affinity and low power
detection. The function of this sensor for real-time monitoring of glucose
in sweat was also validated in the study [119]. There is also a report of a
two-electrode blood glucose sensor with non-invasive detection by
integrating the ISF extraction module with the glucose detection mod-
ule. The system consists of sensors fabricated from graphene/carbon
nanotubes/glucose oxidase composite textile (graphene/carbon nano-
tubes/glucose oxidase composite textile) that exhibit high sensitivity to
glucose in PBS and graphene/carbon nanotube/silver/silver chloride
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composite textile. Once the ISF is extracted by the RI process, the two
electrodes are able to achieve the detection of the glucose concentration
in the ISF using the amperometric method [286]. For continuous glucose
monitoring with a high active surface area, Lin et al. [287] proposed a
non-enzymatic glucose sensor with flexibility and high sensitivity to
blood glucose monitoring. The sensor was fabricated using DVD-laser
scribed graphene (LSG) as a flexible conductive substrate and copper
nanoparticles (Cu-NPs) as a catalyst. For the oxidation of glucose, the
sensor exhibits excellent catalytic activity, with high selectivity in the
presence of other interfering substances [287].

Compared to independent equipment for monitoring various signals,
electronic products that combine important metabolic parameters of the
human body and physiological signals monitoring such as blood pres-
sure are more convenient for users. This is because these integrated
devices can provide a comprehensive snapshot of an individual’s health
status at once, making it easier to track changes over time and detect
potential health issues early. In a recent study, Sempionatto et al. [288]
proposed a new device that can simultaneously measure multiple signals
such as blood pressure (BP) and heart rate (HR), and can also detect
important biomolecules such as glucose, lactate, alcohol, and caffeine.
To monitor BP, the device uses eight piezoelectric transducer arrays. An
electric pulse activates the transducer, which then emits an ultrasonic
wave that reaches the artery and receives an echo, allowing the device to
measure relevant information from the blood vessel. For glucose
monitoring, the device uses iontophoresis (IP) to extract glucose from
human interstitial fluid (ISF), which is then detected using chemical
sensing. The same method of IP is also used for extracting lactic acid,
alcohol, and caffeine. After the current is applied, pilocarpine nitrate is
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Fig. 13. The applications of flexible sensors in blood glucose. a) Acoustic sensing and IP mechanisms for integrated sensors (top). Photo of the sensor under bending
(bottom) [288]. b) SEM micrograph of a Co-MOF modified electrode (top). Co-MOF 3D frameworks formed by hydrogen bonding (bottom) [289]. c) Electrode
preparation including electrodeposition of PB on GFF (top). Glucose detection principle (bottom) [290]. d) Schematic diagram of the ETC performing HA osmosis,
glucose refiltration and glucose transport outwards (top). Schematic of an ultra-thin skin-like biosensor with multiple layers (bottom) [291]. e) A prototype flexible
electrochemical glucose sensor containing working electrode (WE) and counter electrode (CE) also used as reference electrode (RE) (top). The Cross-sectional
structure of the WE of the glucose sensor (bottom) [292]. f) Cross-sectional view of a single nanowire (top). Electrode implantation and electrical stimulation ex-
periments (bottom) [293]. g) Injection of fibers into the target tumor (top) and blood vessels (middle). Photograph of a cat wearing a “smart wristband”. Scale bar: 6

cm [294]. Reprinted from Refs. [288-290,291,292,293,294] with permission.
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transported and transdermally absorbed. It then combines with M
choline receptors to stimulate the sweat glands, causing them to release
sweat. Chemical sensors are used to analyze the biomolecules contained
in the sweat. This approach leverages drug receptors to enable
non-invasive extraction of sweat and avoids skin irritation. To avoid
mutual interference between ultrasonic sensing and chemical sensing,
the device uses a solid-state ultrasonic approach and a sensing hydrogel
layer. This integration of rigid ultrasonic sensors and flexible electro-
chemical sensors enables multifunctional simultaneous monitoring of
physiological signals and metabolism. (Fig. 13a) [288]. Flexible elec-
tronic devices using novel materials can achieve detecting a variety of
biochemical substances. Ling et al. [289] proposed a surface modifica-
tion design of single or multi-channel implantable flexible sensors using
conductive metal-organic frameworks (MOFs) such as copper-MOF and
cobalt-MOF. This integration allows highly specific and sensitive elec-
trochemical detection of glucose, i-tryptophan (I-Trp), glycine and
ascorbic acid (AA) (Fig. 13b) [289]. Besides, Cai et al. [290] presented a
technique for the detection of glucose in ISF with the non-invasive
method by RI technology using a textile electrode consisting of a Prus-
sian blue (PB) nanoparticle transducer layer deposited on graphene fiber
fabric (GFF). Due to the strong interconnection of the GFFs cross-linked
by the wet fusion method, the device has excellent mechanical proper-
ties. The graphene fiber fabric-prussian blue -glucose oxidase-chitosan
can be used as a dry sensing patch for non-invasive glucose moni-
toring on the human skin surface (Fig. 13c) [290]. Reverse iontopho-
resis, the most common method for sampling ISF [375], is prone to cause
patient skin irritation due to its prolonged warm-up and high current
density [376,377]. Chen et al. [291] proposed a skin-like biosensor
system with promising applications for medical-grade CGM and insulin
therapy. By integrating an ultra-thin skin-like biosensor with a dual
electrochemical channel (ETC) that can drain blood glucose from the
subcutaneous vessels to the body’s surface, the system is able to monitor
intravascular blood glucose and glucose in the interstitial fluid (ISF)
without causing trauma. When the paper battery is attached to the skin,
it initiates a subcutaneous electrochemical dual-channel (ETC). This
innovative technology employs glucose reverse iontophoresis to trans-
port blood glucose to the surface of the skin. ETC enhances the pene-
tration of hyaluronic acid (HA) into the ISF, thereby increasing the
osmotic pressure within the ISF. Consequently, an imbalance occurs
between the filtration and reabsorption of glucose in the ISF, leading to
more intravascular blood glucose being expelled from the blood vessels
and move to the surface of the skin. This system opens up the possibility
of non-invasive continuous monitoring of blood glucose in the clinical
setting (Fig. 13d) [291]. Wearable blood glucose monitoring usually
requires continuous perspiration [149,378], and individual differences
are prone to affect the amount of ISF extraction. Pu et al. [292] proposed
a flexible bio-microfluidic technology based on the epidermis that can
overcome the shortcomings of current wearable device measurements
and enable continuous blood glucose monitoring. Moreover, this work
proposed a thermal activation method that involves locally heating the
skin to 37 °C and maintaining that temperature continuously aiming to
enhance ISF extraction efficiency and reduce skin irritation by lowering
the extraction current density and extraction time, a Na® sensor and a
correction model to eliminate individual differences, and a structure for
eliminating differential forms for passive sweating. Epidermal
bio-microfluidic devices were prepared by fabricating nanomaterial
modification, flexible electrodes and enzyme immobilization through an
inkjet printing method, which can facilitate batches of practical pro-
duction with ultra-low-cost fabrication protocol. By leveraging the
in-situ measurement capability of a skin-mounted electrochemical
glucose sensor, significant improvements have been made in the preci-
sion of glucose detection. (Fig. 13e) [292]. Traditional treatments and
testing methods to maintain blood glucose balance, such as insulin in-
jections and blood analysis, commonly fail to achieve timely and ideal
adjustment and real-time monitoring. A new closed-loop brain-com-
puter interface system, which is capable of real-time detection and rapid
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regulation of blood glucose concentration in a very different way from
conventional blood glucose regulation, has been reported recently. It
adopts a self-powered method that supplies energy to the system
through the movement of the applied individual. The system consists of
a glucose sensor constructed from an enzyme/ZnO nanowire array
capable of outputting glucose signals through a biosensing-piezoelectric
coupling effect, an energy harvester using piezoelectric ceramics to
transform the mechanical energy of the application object into electrical
energy, a microcontroller and a brain stimulator. The micro-control unit
is responsible for the delivery of brain stimulation pulses to the dorso-
medial part of the ventral medial hypothalamus in the central system.
This strategy of forming a closed loop between the body, the brain and
the system allows for the expansion development of brain-computer
interfaces in precision medicine (Fig. 13f) [293]. Implantable elec-
tronic devices may cause tissue damage over time if they are not
compatible with the body’s dynamic physiological environment [379].
Thus an implantable electrochemical sensor has been developed trying
to provide a potential solution. This sensor twisted CNT into layers and
spiral fiber bundles to simulate the layered and spiral assembly of soft
tissues, among which the implantable fibers were with great biocom-
patibility. Different sensing elements were combined to create single-ply
sensing fibers (SSFs) capable of detecting specific chemicals, and the
SSFs were twisted to create multi-ply sensing fibers (MSFs) to enable
signal monitoring of various biological substances. The device is capable
of monitoring Hy0, inside implanted mouse tumors in a spatially
resolved and real-time way and, in addition, integrated with a wireless
transmission system on an adhesive skin patch to enable monitoring of
calcium and glucose in cat venous snow for up to 28 days (Fig. 13g)
[294].

4.1.5. Other applications

As evidenced by the following researchers, flexible sensors have
exhibited promising prospects in providing cardiovascular toxicology
and drug testing in vitro as clinical diagnosis-assisted tools [257]. A
reported multi-well cardiac muscular thin film (MTF) platform con-
taining flexible integrated strain gauges can be used to obtain contin-
uous data on systolic stress and the beat rate of independent cardiac
tissues. The design of the open-well platform makes it possible to
combine cardiac MTF with endothelial barrier inserts and to study
temporal drug transport across the barriers [257]. Another example
demonstrated drug testing potential, a flexible sensor developed using
the principle of affinity interaction between antibodies and antigens is
successfully designed to simultaneously screen cardiac-Troponin-T and
cardiac Troponin-I [295].

For patients going through complex reconstructive surgery, moni-
toring of blood flow circumstances need to be paid great attention and
can directly reflect the clinical recovery. Boutry et al. [296] proposed a
pressure transducer capable of wireless monitoring arterial blood flow
through inductive coupling, which adopted biodegradable materials for
the fabricartion. Due to the fact that it does not require disassembly, it
reduces the vascular bed surgical risk associated with mounting and
dismounting. More importantly, in clinical practice, it is often necessary
to use a microscope to connect fractured blood vessels or reconstruct
blocked blood vessels. Due to the risks after the surgery, there is a
possibility of hematoma or thrombus formation, which can lead to the
failure of vascular patency and require timely rescue. At this point,
real-time monitoring becomes particularly important. This sensor is
capable of real-time monitoring of blood flow, allowing prompt detec-
tion of any abnormalities in blood flow. This maximizes the opportunity
to save time for intervention. The researchers demonstrated the artificial
artery model in vitro, by delivering air inside the artificial blood vessel,
causing the blood vessel to expand to simulate the pulsation of the ar-
tery. And it was implanted around the rat femoral artery, which is very
similar to the arterial pulsation behavior of human children’s face, and
the LCR meter was used to measure the capacitance change and record
the pulse rate. The pulse rate measured one week after implantation was
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very close to that of Doppler ultrasound, except that the quality factor of
the signal decreased, which may be due to the influence of the humid
environment around the femoral artery (Fig. 14a) [296]. As a promising
alternative [380], most microphysiological systems still lack properly
integrated sensors, and the achievement of the system fabrication typi-
cally demands multi-step lithography processes. Lind et al. [297] pre-
sent a novel microphysiological device instrumented to continuously
acquire systolic stress data from multiple laminar cardiac microtissues
using multi-material full 3D printing with six functional inks. Each de-
vice includes multiple layers of cantilevers, which consist of an
embedded strain sensor, tissue-guiding layers, and a base layer. When
the anisotropic engineered cardiac tissue is attached to it, the contrac-
tions generated will cause deflection in the cantilever base, further
stretching the embedded strain sensors, resulting in a change in resis-
tance. Additionally, the device includes two other fundamental com-
ponents: electrical interconnects for signal readout and eight
independent wells. The entire device is manufactured using a fully
printable method, with the cover made of PDMS, PLA, or ABS materials
to insulate the wires and holes for cell and media loading. The selected
and designed functional inks materials exhibit great properties in pie-
zoresistive, biocompatible, flexible and high electrical conductivity,
thus the fabricated strain gauge sensors can be integrated into the
microarchitecture to aid the self-assembly of physically simulated
laminar cardiac tissues (Fig. 14b) [297]. Arterial occlusion has a
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significant impact on arterial pressure, certain high-risk surgeries may
lead to postoperative arterial occlusion. Long-term monitoring of arte-
rial status after surgery is crucial for early disease detection and recur-
rence prevention. Ruth et al. [298] presented a fringe-field sensor that is
used for detecting arterial obstruction to assess PVD, heart attack and
stroke. The design of interdigitated electrodes and pyramidal elastic
microstructures of the fringe-field sensor is thin and flexible enough to
be placed over a wide range of various arterial locations, together with
the capability of long monitoring duration time (Fig. 14c) [298].
Currently, devices for monitoring cell culture with impedance sensors
still lack wireless [381], versatility [324], and multi-layer array map-
ping capabilities for large-scale cell culture [382]. Additionally,
comprehensive portable equipment for monitoring critical culture con-
ditions such as temperature and pH, radio and thermal stimuli have not
yet been developed, while the culture conditions are crucial for cell
proliferation and differentiation. According to a recent report, a cell
culture platform (LISCCP) with integrated ultra-thin sensor and stimu-
lator arrays has been proposed, it is large and smart enough to facilitate
wall-dependent cell culture and implement real-time multi-modal 3D
monitoring and local control. It is worth noting that designing the en-
gineering substrate as a five-layer integrated structure with perforations
and prominent hemispherical features that increase the surface area is
more advantageous for the adhesion of C2C12 cells (Fig. 14d) [299].
Current characterization methods for mechanical assessment of soft
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(left). Five-layer stack of 3D printed engineered PLA substrates, scale bar: 1 cm. SEM images of the prominent hemispheres are shown in the inset, scale bar: 500 pm
(middle). Photograph of the 3D stack assembly of three LISCCPs. Scale bar: 5 cm (right) [299]. e) The photograph of the device placed in the right ventricle (left). The
photo of the device on a cylindrical glass stand (middle). SEM image of the device on an artificial skin sample. The sensor is on the left and the actuator is on the right
(right) [300]. f) Schematic illustration of the results of finite element modeling of the device with wireless heaters under tensile strain, the inset shows an enlarged
view of the Joule heating element (left). The device runs calibrated colors on skin surfaces. Scale bar: 2 cm (middle). A device containing an RF antenna and a Joule
heating element located on its back, inset showing a magnified view of the structure with the serpentine antenna. Scale bar: 2 cm (right) [301]. Reprinted from Refs.
[296,297,298,299-301] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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organs and tissues in biology, which are invasive, commonly lack
microscale spatial resolution, and the applied regions are confined to
specific locations under quasi-static conditions. Dagdeviren et al. [300]
have proposed piezoelectric conformal devices capable of measuring the
viscoelasticity of soft tissues in vivo on the proximal surface area of the
epidermis, which is important for the rapid and clinical non-invasive
characterization of the mechanical properties of the skin. This partic-
ular kind of conformal modulus sensor relies on arrays of mechanical
actuators and sensors composed of PZT nanoribbons. The device has a
wide range of applications, including the heart. Researchers used cow’s
heart as experimental subject and directly attached a shape-preserving
structure that could couple with the tissue surface through van der
Waals forces to the surface of the cow’s heart, including the left
ventricle, right ventricle, and apex. The experimental results were as
expected, with the highest modulus measured at the apex. (Fig. 14e)
[300]. Besides, the characterization of temperature and heat transport
properties of skin is of great significance in providing fundamental in-
formation. By combining a chromatic temperature indicator with a
wireless stretchable electronic device and adopting a thermochromic
liquid crystal on a thin elastic substrate, Gao et al. [301] have achieved a
novel sensor design applied for the assessment of blood flow respon-
siveness to congestion related to reflecting cardiovascular health, among
others. The device integrates radio frequency (RF) components and
antennas to capture incident RF energy and provide power to the Joule
heating element. By controlling the RF signal, localized heating can be
achieved and a temperature map generated (Fig. 14f) [301].

4.2. Cerebral applications

4.2.1. Temperature

Brain temperature, one of the compulsory parameters in brain
monitoring under pathological conditions, expresses great value in
reflecting the neurometabolic heat production [383], cerebral blood
flow (CBF) [384] and incoming arterial blood temperature.[385] Noted
that the temperature distribution inside the brain of humans is not
uniform, for example, the temperature of the epidural space is slightly
lower than the temperature around the center of the brain [386]. In a
normal and stable physiological body environment, the range of
continuous fluctuations in temperature in the brain is typically 3-4 °C
[387]. Due to the thermoregulatory center located in brain tissue, brain
temperature tends to be used as an important indicator for diseases like
fever [388]. The value of brain temperature exceeding the physiological
upper limit may lead to brain hyperthermia, which will affect neuro-
logical function and may cause severe damage to brain cells [387]. The
rise in brain temperature appears due to a cellular healing response,
which is occurred when an injured brain develops an inflammatory
response to infection [49]. Therefore, accurate measurement of brain
temperature is of great significance during the treatment of injured
brains [116]. Owing to the difficulty of direct monitoring, brain tem-
perature is commonly measured through NMR spectroscopy, microwave
radiometry, near-infrared spectroscopy, and ultrasonic thermometry.
Whereas these monitoring methods are not suitable for real-time
monitoring during patients’ daily activities [388]. At present, implant-
able temperature probes and sensors are designed using various prin-
ciples, such as optical fibers, thermal resistors, thermocouples,
thermistors, and other methods [116,389]. Among these RTDs are
considered one of the most accurate sensors for temperature measuring.
With the advent of microfabrication, thin-film metals can be deposited
easily into RTD temperature sensors. Thus thin-film RTD temperature
sensor has the characteristics of small size and short response time,
which can measure temperature more accurately than traditional ther-
mocouples [110].

Moreover, Wu et al. [116] proposed a temperature sensor with a
polysilicon thermistor and showed that the polysilicon thermistor has
superior performance compared to RTD. As aforementioned, there were
few temperature arrays used to directly measure spatial temperature
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changes inside the brain owing to technical difficulties. While the flex-
ible sensor reported based on flexible PI, which has the characteristics of
high precision, can monitor brain temperature with a high spatial res-
olution. The proposed ultra-small-sized polycrystalline silicon therm-
istor has a larger resistance compared to the temperature sensor
developed by researchers before, with a reduced level of noise, thereby
achieving higher accuracy (Fig. 15a) [116]. Optical sensors are notable
for their compatibility with magnetic resonance imaging (MRI), how-
ever, traditional implanted optic sensors are usually fabricated with
non-absorbable materials, which may cause secondary trauma owing to
the necessary surgery for removing the device later. Currently, there are
two reported bioresorbable optical sensors implanted with Fabry-Perot
interferometers and two-dimensional photonic crystal structures,
which achieve accurate and continuous monitoring of intracranial
pressure (ICP) and temperature, meanwhile avoiding the risks of sur-
gical removal thanks to their excellent bioabsorbability (Fig. 15b) [302].
Implantable sensor probes are considered standard devices for moni-
toring various cranial physiological indicators, however, only a few
monitoring methods of multimodal cortical physiological indicators
through minimally invasive sensors have been reported. Liu et al. [303]
developed a flexible polyimide-based multimodal sensor that builds a
technical framework for implantable intracranial sensors. It was capable
of measuring intracranial temperature, brain tissue oxygen content,
cerebral cortical discharge, ICP, sodium and potassium in cerebrospinal
fluid (CSF) (Fig. 15¢) [303]. Besides, it is worth mentioning that Lee
et al. [304] prepared a bioresorbable electronic patch (BEP) by inte-
grating a polymeric drug reservoir with a wireless flexible electronic
device made from biodegradable materials. The BEP not only expresses
temperature sensing capacity but also facilitates drug delivery to brain
tumors through thermal actuation. The oxidized starch (OST) used in the
device for dispersing and storing Doxorubicin (DOX) provides strong
imine conjugation to both brain tissue and DOX, allowing the patch to
have strong adhesion. The wireless heater operates with gentle heat
drive, enabling the drug to reach deeper tissues. Both of these features
enhance the utilization of the medication. (Fig. 15d) [304].

4.2.2. Intracranial pressure

As a result of the pressure exerted by the intracranial components
[3901], intracranial pressure (ICP) is vital for the monitoring of traumatic
brain injury patients [49]. In a normal scenario, sustained ICP over 20
mmHg is considered pathological, while normal ICP is supposed to fall
between 5 and 15 mmHg [391]. According to the Monro-Kellie hy-
pothesis, the volume of brain tissue, CSF and blood in the skull remains
constant, any increases in one component will lead to a decrease in other
components or an increase in pressure [392]. As a diagnosis-assisted
indicator for various diseases such as infection, stroke, tumor, hydro-
cephalus and epilepsy, etc. [393], ICP can be obtained to avoid sec-
ondary brain injury (SBI) such as hematoma, edema, which is the main
cause of traumatic brain injury (TBI) [394]. As a consequence, accurate,
timely and continuous monitoring of ICP is of great significance for
clinical treatment. According to the working principles, currently, there
are three main sensing types for ICP monitoring: implantable trans-
ducers [395], fluid-based systems [396] and Doppler sonography [397].
Furthermore, fiber-optic pressure sensors (FOPS) are now becoming
commonly selected ICP sensors due to their compatibility with MRI for
routine clinical applications [49]. These non-implanted methods that
perform an indirect measurement exhibit the advantages of
non-invasiveness and no risk of infection, while they are inappropriate
for long-term accurate clinical monitoring [398]. In contrast, implanted
methods have the superiority of accurate ICP measuring, however, the
patient’s mobility will be limited due to the catheter connecting the
sensor to the detection device [390]. Therefore, the wireless method
which enables catheter removal provides a potential solution, and either
active or passive wireless manners are widely adopted. The passive
method has advantages over the active method that involves complex
transmitter circuits and power supplies owing to its simple structures,
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non-power supply, and low cost. However, the rigid materials used in
passive ICP sensors increase the risk of brain tissue damage [307].
Yang et al. [308] presented a bioresorbable monitoring platform,
which is designed for ICP measurement. The device fabrication involved
the usage of the flexible encapsulation materials of monocrystalline
silicon wafers and natural wax. The optimized architecture design was
modeled through finite element analysis and validated with experi-
mental phenomena, thus the sensor response was maintained during the
dissolution processes of the encapsulation layer. As a suspended multi-
layer film structure for pressure-sensitive applications, it includes a
lightly boron-doped micromembrane of monocrystalline Si (Si MM), a
PLGA layer, a patterned high boron-doped nanomembrane of mono-
crystalline Si (Si NM) and another PLGA layer. The silicon in the Si MM
biofluid barrier acts as a biodegradable barrier to the permeation of
biological fluids. Positioned on top of the PLGA layer, it exhibits good
flexibility. Additionally, to protect the device’s operational perfor-
mance, natural wax material is used for edge sealing. The fully encap-
sulated device is immersed in pH 7.4 PBS at 37 °C for observation. Mg
film traces are created on the PLGA-coated silicon wafer to measure
water permeation. The results indicate that Candelilla wax has lower
water permeability compared to beeswax, but its interface performance
with silicon is not as good. However, combining both waxes can
harmonize and improve the device’s performance. Ultimately, the
developed experimental device was demonstrated through implantation
in a rat model by the researchers (Fig. 16a) [308]. Ideally, an implant-
able sensor for clinical application should be able to perform real-time
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quantification and stable monitoring within a specific time frame
[399]. The bioresorbable pressure sensing technology presented by Lu
et al. [309] can be applied for a variety of medical internal pressure
detection. SigN4 membranes are adopted in the sensor and encapsulated
with natural wax edge sealing through battery-free operation is ach-
ieved with passive LC-resonance mechanisms (Fig. 16b) [309]. In order
to further explore non-invasive ICP monitoring methods with high ac-
curacy, low cost and easier operation, Zhang et al. [310] reported a
freeze-casting method to encapsulate liquid metal Ga microstructures to
fabricate a band-aid-like flexible Ga-based wearable ICP sensor. The
liquid metal microstructure is encapsulated in a thin and flexible poly-
mer. When the liquid metal is deformed by inflation, it fills the micro-
channel and produces a resistance change. By measuring this resistance
change, the monitoring of infant ICP is able to be realized (Fig. 16c¢)
[310]. Notably, Wei et al. [307] proposed a passive wireless pressure
sensor for monitoring ICP, the pressure-sensitive device was created
based on a novel microfabrication method of flexible materials. The
pressure-sensitive capacitor has the characteristics of being ultra-thin
and flexible, which can adapt to the topographies of the skull and the
dura mater. The flexible features and increased sensitivity make the
sensor possible for future application in ICP monitoring (Fig. 16d) [307].

As aforementioned, biodegradable implantable devices have the
advantage of avoiding re-extraction procedures [400,401], which can
reduce the risk of infection and patient suffering. Shin et al. [311]
fabricated a degradable and flexible ICP sensor for real-time monitoring
using silicon nanomembranes (Si NMs). The pressure sensor is able to
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Model of the balloon fontanelle in the box, inset showing the open area of the fontanelle model (top 1). Photographs of three different designs of solidified Ga
structures (Height: 100 pm or 300 pm, W: width) using contact wires in PDMS molds after incubation in a —20 °C refrigerator and removal of sealing tape (top 2). The
final ICP sensor (5 cm x 7 cm x 500 pm) (bottom 2). Model of balloon-in-box assembled with ICP sensor (W500-H300) at different inflation heights at different
pressure levels [310]. d) Design of flexible varistor capacitors. P: flexible pressure-sensitive layer including deformable layer P1, PDMS adhesive layer P2 and
corrugated cavity structure P3; E: electrode layer including upper electrode E1, lower electrode E2 and wire bonding pad E3; S: a flexible substrate layer including an
upper substrate S1, a lower substrate S2 and a wire hole S3 (top 1). Schematic diagram of the wireless passive ICP monitoring system (top 2). The reader coil made of
flexible printed circuit (FPC) and unoptimized handheld reader coil (bottom 2). Microfabricated flexible varistor capacitors (bottom 1) [307]. Reprinted from Refs.
[307,308,309,310] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

timely detect the piezoresistive response of deformable Si NMs that re- mainly works for interface pressure detection during compression
flects changes in external pressure [311]. As stated in the report, Si NMs therapy [312].
present high mechanical flexibility, which makes the sensor withstand

pressure without mechanical breakage. In addition, the ICP sensor 4.2.3. Cerebral blood flow

possesses the ability to return to its original shape after the pressure is Cerebral blood flow (CBF), which refers to the blood flow through a
removed, as discovered [311]. Since sharp thin-film electrodes generally certain cross-sectional area of cerebral blood vessels per unit of time, is
have poor electrical properties, they are prone to cause tissue damage strictly regulated to maintain the cerebral metabolism for normal
and reduce implant system stability when nerve stimulation is per- functional activities [314]. Cerebral oxygen supply has an intimate
formed over them. To solve this, Manikandan et al. [305] designed a connection with blood oxygen content and CBF, meanwhile CBF is
flexible microelectrode array (MEA) made from a cell culture dish in a determined by cerebral perfusion pressure and the inversely propor-
micro-fabricated method with microelectrodes embedded in the bottom, tional cerebrovascular resistance [402]. For the measurement of CBF,
adopting MEMS technology to fabricate the biocompatible materials. the whole CBF of normal people in quiet conditions varies with different
The MEA, which does not penetrate tissue, is capable of sensing stimuli measurement methods. Insufficient blood flow, or interruption of blood
from neurons. As indicated, pressure sensors and temperature sensors supply, can result in a decrease in oxygen delivery to the brain. This can
are also integrated into the MEA to measure ICP and temperature data cause loss of consciousness or fainting [403]. CBF is an important
for judging neurological disorders [305]. In addition, unlike the case measure of brain health. A CBF value less than 18 mL/100 g/min is
mentioned above, a thin-film flexible wireless pressure sensor that is generally considered to be an indicator of cerebral ischemia, which is a
designed to be applied for wound healing, muscle rehabilitation, and reduction in blood flow to the brain that can lead to tissue damage and
intracranial and extracranial pressure monitoring was reported, while it other serious complications. If CBF drops to 10 mL/100 g/min or lower,
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it can result in cerebral infarction, which is the death of brain tissue due
to lack of oxygen and nutrients [404-406]. The sum of the brain, cere-
brospinal fluid (CSF), and intracranial blood volume maintains a certain
value within a intact skull, any increase in CBF will cause an increase in
intracranial pressure, which can lead to damage of the brain cells.
Therefore, it is essential for the brain’s blood flow to remain within a
healthy range to avoid such complications [407]. Continuous moni-
toring of CBF can provide important information on the pathogenesis
analysis and clinical intervention of various brain diseases. Maintenance
of proper CBF is critical for patients with cardiac arrest, cerebral edema,
TBI and stroke [314]. Currently, hospitals and outpatient clinics use the
Doppler ultrasound imaging technique as a noninvasive method for
real-time measurement of cerebral blood flow velocity. This technique is
often referred to as transcranial Doppler (TCD) or transcranial color
Doppler [408]. By assessing the blood flow velocity in the cerebral
vessels, TCD can help diagnose conditions such as arteriovenous mal-
formations [409] and cerebral arteriosclerosis [410]. In addition, other
non-invasive methods for monitoring CBF include laser speckle contrast
imaging (LSCI) based on optical techniques of dynamic light scattering
[411] and diffuse reflectance correlation spectroscopy [412]. Other
current clinical devices for CBF measurement through invasive methods
include TDF [413], LDF [414], among which LDF is mainly used for
monitoring CBF during surgery.

Nowadays, only a few non-invasive tools are available for serial
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assessment of rodents, which is one commonly adopted animal model in
research. The insufficient tissue penetration depth of LDF and LSCI re-
stricts their further application on animals with thicker skulls. Deep
brain tissue measurement using DSC requires the use of rigid fiber-
coupled light sources and detectors, which can limit the motion of the
object being measured. This is because any movement may cause the
fibers to dislodge or detach from the tissue, leading to inaccurate results
[314]. To address this, one wearable, fiber-free, flexible, and compact
diffuse speckle contrast flowmeter (DSCF) sensor developed by Huang
et al. [314] possesses a penetration depth sufficient for transcranial
detection of CBF in rodent and neonatal cortex through the intact scalp
and skull. DSCF enables rapid quantification of spatial fluctuations in
laser speckles caused by moving red blood cells using a NIR laser diode
as a point source and a lensless bare CCD chip as a 2D detector array.
Furthermore, the device not only stabilizes the output light intensity, but
also realizes the potential of wearable or wireless probes through the
connection between the probe and the control unit (circuit and laptop)
by flexible cables, which can thus ensure the free movement of the
monitored objects [314]. Aerosol jet printing (AJP), a technology that
can be digitally designed, optimized and directly printed compared with
traditional processing technology, has rarely been realized in the
application of stretchable and wireless electronic devices. Herbert et al.
[34] created a wireless, fully printed, implantable and stretchable bio-
system for real-time monitoring of cerebral aneurysm hemodynamics
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Reprinted from Refs. [34,315,316,317] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
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using an aerosol jet 3D printing fabrication method. The stretchable
wireless electronic device was fabricated through high-throughput,
large-scale and aerosol-jet 3D printing methods to achieve a highly
flexible and stretchable sensor with conformal insertion into a blood
vessel through seamless integration with an implantable stent and
stretchable mechanical modeling. Biocompatible silver nanoparticles
and direct microstructured patterning of PI are crucial parts of the core
printing process. The flexible and highly stretchable sensor can be
deployed through the catheter and inserted into the blood vessel with a
very low profile. By optimization of a transient, the wireless inductive
coupling method achieves wireless detection of the hemodynamics of
biomimetic cerebral aneurysms with a readable distance of up to 6 cm
across the meat (Fig. 17a) [34]. Techniques based on thermal analysis or
photoplethysmography, which only detect relative changes in flow, are
not deep enough for blood vessel monitoring. Wang et al. [315] have
proposed a flexible, lightweight ultrasound device based on the Doppler
Effect. This device was successfully used to measure the blood flow
spectrum of the carotid artery by attaching it to the surface of the human
body near the artery. Researchers evaluated the accuracy of the newly
developed device by comparing its measurements of carotid artery blood
flow velocity with those obtained using commercial devices. The com-
mon carotid artery is the main arterial trunk of the head and neck, and
its branched internal carotid artery ascends and its terminal branches
include the anterior cerebral artery and the middle cerebral artery,
which are important arteries supplying the brain [415]. Therefore, the
information obtained from carotid artery measurements has a positive
correlation with cerebral blood flow (Fig. 17b) [315]. Apart from this,
monitoring hemodynamics is important for the evaluation of sac oc-
clusion after cerebral aneurysm treatment. Howe et al. [316] proposed a
stretchable, nanostructured implantable flow sensor system that can
quantify intra-aneurysmal hemodynamics. The stent is constructed
using a superelastic nickel-titanium Nitinol (TFN) membrane to wrap
around the stent mesh, with a capacitive ring-type flow sensor sand-
wiched by PI and positioned on the periphery, which aims to create a
functional stent that can monitor and treat the hemodynamics of arterial
aneurysms at the same time. The device has up to 500% radial
stretchability and 180° bendability with a curvature radius of 0.75 mm
as evidenced, besides, it has shown less platelet deposition than existing
implantable materials (Fig. 17¢) [316]. Unlike the aforementioned case,
a reported study has developed a device consisting of a complementary
metal-oxide semiconductor (CMOS) image sensor and a chronic
fiber-optic plate window to achieve chronic CBF imaging in mice. The
device is used to measure changes in the blood flow of target subjects
with behavioral experiments. In general, chronic CBF imaging equip-
ment should be helpful for the clinical diagnosis of the etiology and
treatment of cerebrovascular disease (Fig. 17d) [317].

4.2.4. Brain tissue oxygenation

Partial oxygen pressure (PbtOs), an indicator of local brain tissue
oxygenation content, which is measured at the bedside can also be used
as an alternative index for cerebral blood flow (CBF) [416]. PbtO, arises
as a result of the interplay between cerebral blood flow (CBF) and
arteriovenous tension of O, signifying that both sufficient oxygen
perfusion, oxygenation, extraction and diffusion are crucial for main-
taining cerebral oxygenation [417]. The normal range for PbtO; is
recorded as 20-35 mmHg for Licox invasive probes, whereas PbtOs less
than 15 mmHg is usually caused by hypoxia and ischemia [418,419].
PbtO, is believed to reflect the equilibrium between regional oxygen
supply and cellular oxygen consumption in patients with severe TBI.
This relationship is influenced by the interplay between plasma oxygen
partial pressure and CBF, which can be mathematically expressed as the
equation: PbtOy = CBF x AVTO; [420]. As observed in studies, the
monitoring of brain Oy and PbtO,-targeted therapeutic approaches can
greatly enhance patient recovery.[421,422] For patients with severe
acute encephalopathy (eg. TBI), aneurysmal subarachnoid hemorrhage
(aSAH), and in certain neurosurgery procedures [423-425], timely
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monitoring of local brain tissue oxygenation content is well-accepted
and increasingly being adopted to ensure normal O; levels in neuro-
logical intensive care units.**®Thus, PbtO, is treated as a reliable marker
of CBF and cerebral ischemia under certain conditions. The current
clinical methods used to monitor PbtO5 include invasive techniques such
as Clark electrode-based electrochemical sensing and fluorescence
quenching-based optical sensing [49], also the non-invasive techniques
like NIRS [426,427]. The basic device of an electrochemical PO, sensor
designed for medicine was first proposed by Leland Clark in 1956 [106].
For intracranial fiber optic oxygen sensors, the sensors based on the
effect of fluorescence quenching are mainly adopted [49]. NIRS indi-
rectly detects Oy by measuring hemoglobin saturation within a specific
tissue volume [82].

NIRS-based devices designed for adults [428] are certainly not
suitable for application in children due to their large size and rigid
structure, which can easily cause potential damage to the delicate skin of
children [429]. By combining a multi-photodiode array with a pair of
light-emitting diodes, a small and flexible wireless device capable of
conducting simultaneous whole-body and cerebral hemodynamic
monitoring was fabricated by Rwei et al. [318] The indicators measured
include peripheral oxygenation, HR, cerebral oxygenation, and poten-
tially cerebral pulse pressure. The overall structure of the device in-
cludes a flexible printed circuit board with two units. One unit consists
of a bluetooth low-energy system on a chip module with wireless
communication and power regulation capabilities. The other unit is an
optical sensor that monitors blood flow dynamics. As demonstrated
experimentally, the platform significantly improves the effect of care for
pediatric patients, which greatly benefits patients suffering from cere-
bral and neurodevelopmental disorders (Fig. 18a) [318]. Besides, the
aforementioned sensors can also be used to monitor brain tissue oxygen
levels [303]. Human-machine interaction has attracted more and more
attention from various fields, such as the study of automatic classifica-
tion with different sorts of human mental states [430]. Gurel et al. [319]
achieved differentiation between mental arithmetic, rest, and N-back
memory tasks by fusing sensing modalities for monitoring of human
prefrontal cortex (PFC) oxygenation and cardiovascular physiology. The
designed flexible NIRS-PPG headband enables measurements of quan-
tified PFC oxygenation and peripheral cardiovascular signals including
ECG, PPG and SCG (Fig. 18b) [319]. Notably, Si et al. [320] presented a
portable modular cerebral tissue oximeter (BRS-1) that can be applied
for local oxygen saturation measurement in targeted areas of the body
such as the finger and brain, and also is available for wireless brain-brain
oxygenation monitoring. The device is expected to be broadly adopted
clinically thanks to its compact and lightweight design (Fig. 18¢c) [320].
In terms of monitoring cerebral oxygen saturation, a more accurate
sensor system can provide better treatment guidance for newborns.
Petersen et al. [321] proposed a sensor to detect oxygen saturation in
brain tissue for the treatment of preterm infants using a near-infrared
spectroscopic approach. The silicon photodetectors that make up the
sensor are fully integrated into a flexible array. To achieve higher flex-
ibility, silicon is combined with polydimethyloxane while polyimide
manufactured from standard ICs is adopted as well. The electrical in-
terconnections on the sensor enable it to be well-placed on the head of
the newborn owing to its great capacity for bending deformations
(Fig. 18d) [321].

4.2.5. Cerebral metabolism

Metabolic disturbances caused by ischemia or hypoxia can be
assessed by monitoring ions, glucose, lactate, pyruvate, glycerol, etc., as
cerebral metabolism is highly correlated with whether cerebral blood
flow (CBF) provides sufficient oxygen and energy substrates [49]. In the
setting of hypoperfusion, decreased blood glucose levels can also indi-
cate ischemia and long-term low pH situation is thought to be signifi-
cantly associated with mortality [431]. Furthermore, since the pH of the
tumor extracellular microenvironment is considered to have a reduc-
tion, the pH value can also be taken as one index for brain cancer
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Fig. 18. The applications of flexible sensors applied in brain tissue oxygenation. a) The soft wireless device under mechanical stress in bending (top 1). The
calculated strain distribution of the device copper layer with a bending radius of 2.5 cm (top 2). The photographs of the rest and prone position of a 9-week-old infant
with the device on the forehead (bottom 2 and bottom 1) [318]. b) Schematic diagrams of the headband collecting PPG, SCG, ECG, NIRS signals (top) and the sensing
method (middle). The signal processing and feature extraction block diagram (bottom) [319]. ¢) The schematic diagram of the brain oximeter (BRS-1) (top). The
photography of the BRS-1 oximeter. The equipment includes two regional cerebral oxygen saturation (rSO,) brain sensor probes, two tissue oxygen saturation (StO)
sensor probes, and a peripheral arterial saturation (SpO,) sensor probe. WORTH band can achieve wireless monitoring rSO» (when connected to the oximeter via
Bluetooth) (middle). Group-averaged results of varying oxygen saturation values in validation experiments (bottom) [320]. d) A cross-sectional view schematic of the
design of a flexible sensor array which is composed of a single silicon photodetector (D1 — Dn), gold conductors, polyimide, and PDMS (top 1). Pictures of the front
and back of the sensor (top 2). The plot of tensile test results for sensors with 100 pm, 200 pm, and 400 pm wide flexible joints. Error bars: sensor-to-sensor standard
deviation (bottom 2). The process flow diagram (bottom 1) [321]. Reprinted from Refs. [318,319-321] with permission. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

diagnosis [393]. In addition, the detection of specific chemical elements
also helps to diagnose a variety of diseases related to the nervous system
[393]. To be specific, the concentration of dopamine (DA) in healthy
individuals is typically 0.01 uM-10 pM for instance. Brain diseases such
as Parkinson’s disease (PD) and Alzheimer’s disease (AD) commonly can
be diagnosed by detecting dopamine [258]. Detecting specific chemical
elements provides an important reference for the diagnosing of AD, PD,
epilepsy and other brain diseases that are highly correlated with
neurotransmitter concentrations [393].

For the monitoring of cerebral metabolism, the commonly adopted
methods are electrochemical analysis based on Clark electrode and op-
tical analyzer with fluorescence sensing [49]. Asif et al. [33] proposed a
new method for fabricating highly active Cu-Fe hybrid electrodes via
SRB-assisted corrosion engineering, which enabled the value-added
conversion of iron substrates with low fabricating cost to
high-efficiency Cu-Fe(OH),-FeS/PCF electrode. Note that the fabricated
electrodes can be used for real-time tracking of HyO, discharged from
different normal and human brain cancer cell lines in vitro or in situ
(Fig. 19a) [33]. Adrenaline, one kind of hormone and neurotransmitter,
is a catecholamine and adrenal cortical hormone released by the renal
glands [432]. Normal concentrations of adrenaline in human body fluids
are usually in the range of 0.015 pM-40 pM [433]. Adrenaline can in-
crease myocardial contractility and is a commonly used first-aid appli-
ance in clinical practice. In addition, as a physiological indicator of
stress, the dramatic increment of adrenaline can lead to behaviors such
as instinctive flight or fight responses [434,435], thus the detection of
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which aids in the clinical diagnosis of depression, post-traumatic stress
disorder (PTSD) and anxiety [433]. Yu et al. [322] developed a capac-
itive sensor by means of layer-by-layer (LbL) assembly with the function
of detecting adrenaline. The fabricating method of the sensor contains
simple  drop-casting, with PDMS substrate and carbon
nanotube-cellulose nanocrystals (CNC/CNT) nanofilm as the first layer,
the adrenaline imprinted poly (aniline/phenylboronic acid) (pANI/PBA)
moieties as the second layer to construct the LbL assembly. The chemical
sensor with the ability of capacitive detection of adrenaline exhibits
excellent properties of flexibility, highly sensitive, highly selective, and
disposable. As stated, the proposed sensor, which was validated to
screen adrenaline rapidly in zebrafish brain samples, is expected to be
further applied in the detection of adrenaline in medicine (Fig. 19b)
[322]. Another great work reported by Liu et al. [306] has fabricated
flexible conformal sensor devices which is capable of simultaneously
sensing pH, DA, serotonin, and temperature. To explain further, these
sensors are made by fabricating InpO3 nanoribbon field-effect transistors
(FETs) arrays on thin (1.4 pm) PET and enable selective detection of
neurotransmitters. This was achieved by surface functionalization of
Inp,O3 with aptamers capable of binding target molecules, including
dopamine and serotonin. When serotonin binds to the aptamer, a part of
the negatively charged main chain of the aptamer will be far away from
the semiconductor channel, the electrostatic repulsion between the
negatively charged aptamer and the electrons in the semiconductor
channel will decrease, and the transconductance of the n-type semi-
conductor will increase. When dopamine binds to the aptamer,
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Fig. 19. The applications of flexible sensors applied in cerebral metabolism. a) Schematic illustration of the mechanism of S2- cocatalysis in Cu-Fe(OH),-FeS/PCF
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electrodes by SRB-assisted corrosion engineering strategy (bottom 2). Photo of a three-electrode system for tissue measurement (bottom 1) [33]. b) The illustration of
the detection principle of adrenaline on the sensor (top 1). The scanning electron micrographs of PDMS/CNC-CNT (top 2) and the micrograph of
PDMS/CNC-CNT/PBA-pANI (bottom 2). The cyclic voltammograms of the sensor for blank and after the addition of neat brain sample (bottom 1) [322]. c). The
schematic diagram of the biosensor film (top 1). Image of a flexible thin-film PET In,O3 sensor array with a thickness of 1.4 pm wound on a copper wire with a radius
of 100 pm, scale bar: 5 mm (top 2). Schematic illustration of redirecting a portion of the backbone of an aptamer for serotonin recognition away from the semi-
conductor channel upon target binding to increase the transconductance of the n-type semiconductor (bottom 2). The schematic diagram of redirection of a portion of
the negatively charged oligonucleotide backbone of the dopamine aptamer to a position closer to the field-effect transistor upon target recognition to electrostatically
depletes the channel (bottom 1) [306]. d) The schematic diagram of DA detection (top). The FE-SEM images (middle). The STEM photo of the NiFeP catalyst,
corresponding EDS elemental dot plots of Ni, Fe and P (bottom) [258]. Reprinted from Refs. [33,258,322,306] with permission.

redirecting it’s negatively charged backbone closer to the semiconductor
channel produces the opposite result. In addition, the device exhibits
excellent flexibility and long-term stability in high ionic strength solu-
tions such as artificial cerebrospinal fluid and undiluted physiological
buffered saline (PBS) (Fig. 19¢) [306]. Ascorbic acid (AA) concentra-
tions are much higher than DA, which interferes with the precise
determination of DA. To solve this, Thakur et al. [258] chose nickel iron
phosphide/phosphate (NiFeP) as an effective catalyst for the detection
of DA with selectivity and sensitivity, and successfully achieved an
electrochemical sensor based on NiFeP to detect DA. The NiFeP catalyst
on the paper electrode can oxidize DA to dopamino quinone, and this
chemical sensor possesses ultrasensitive properties. The sensor that has
been developed demonstrates total immunity to interference caused by
AA and other substances such as glucose and UA. (Fig. 19d) [258]. Be-
sides, a study also developed modulated single-walled carbon nanotube
(SWCNT) network to generate transparent and flexible sensors for
dopamine detection [323].

4.2.6. Other applications

Besides the above representative applications, some recent studies
have reported other applications of flexible sensors applied in the brain
and cerebrovascular system with relatively unique working principles. A
study utilizing microwave sensors to monitor neurodegenerative dis-
eases has been evaluated by simulating brain atrophy and lateral
ventricle enlargement [259]. To be specific, Saied et al. [259] fabricated
six planar monopole antenna sensors and developed a wearable system
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by integrating the flexible hybrid silicone-textile sensors with a
switching circuit. Due to the flexible materials adopted through the
manufacturing process, the sensors and switching circuits conform
better to the patient’s head, which provides great potential for
diagnostic-assisting in the medical field [259]. Moreover, there is a
study of brain edema monitoring through MIPS sensing as well [120].
Inside the cranium, a pressure sensor providing timely intracranial
pressure (ICP) monitoring [307] can help to reveal force feedback with
more intuition for surgeons controlling the flexible neurosurgical tools
[325]. Similarly, the pressure sensor is broadly adopted during surgery
to avoid surgery-induced brain damage [326]. Furthermore, implant-
able electrocorticography (ECoG) recording systems are often used to
localize epilepsy lesions and diagnose brain disorders. Xu et al. [313]
fabricated flexible bioabsorbable ECoG devices using the bioresorbable
material poly (i-lactide) and polycaprolactone (PLLA/PCL) (PLLA:PCL
= 80:20) and the transitional metal molybdenum (Mo), with an ICP
sensor integrated to monitor the dynamic changes of brain signals in
different epilepsy stages and ICP [313]. Notably, Yang et al. [327]
proposed a flexible multifunctional electrode (FME) capable of
recording ECoG and extracellular ions of K*, Ca?*, and Na® on the
surface region of the cerebral cortex, based on the high specific surface
area and ion-electron transfer of the conductive carbon nanotube arrays
(CNTA). As stated in the study, CNTA electrodes have low impedance,
high specific capacitance and charge storage capacity compared to
conventional gold electrodes (Fig. 20a) [327].

Graphene-active sensors also exhibit great potential in detecting
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d) The microscopic schematic showing the interface between macroporous nanoelectronic brain probes and neural circuits.

The probe consists of

polymer-encapsulated metal interconnects, arms (orange) that support and connect the sensor (green) and support elements (pink, violet, and light blue) (left). The
sensor element is indicated by the dashed box. The scale bar measures 50 pm (right) [330]. e). Color SEM pictures showing p-ILEDs mounted on 200-pm fiber optic
implants (left). Tilt exploded view layout of a multifunctional, implantable optoelectronic device. The system consists of an electrophysiological measurement layer
composed of a Pt contact pad and microelectrodes, an optical measurement layer composed of silicon p-IPD, a photostimulation layer composed of the p-ILED array,
and a temperature sensing layer composed of snake Pt resistor (right) [331]. f) Images of implants, and scanning electron micrographs of gold films and
platinum-silicon composites [332]. g) Nanopatterned electrode tip at 10 000x magnification, scale bar: 4 pm (left). SEM images of the nanopatterned laterally
explanted probes show that the etched nanopatterns are visible. Scale bar of the inset: 4 pm (right) [333]. h) The expanded view of elements of a cell culture platform
[324]. i) The photography of epidermal electrodes fabricated on 8-inch silicon wafers (left). Schematic diagram of functional layers of a flexible stretchable device
(right) [334]. Reprinted from Refs. [324,327-334] with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

brain electrophysiological signals. Garcia-Cortadella et al. [328] fabri-
cated a sensing system capable of long-term and broadband recording of
freely moving animals using a wireless headstage which consists of a
flexible 64-channel g-SGFET array with robustness, high sensitivity, and
biocompatibility properties (Fig. 20b) [328]. Flexible electronics suit-
able for neural interfaces require the combination properties of
long-term stability, high performance, and high electrode density of soft
electrode meshes, while current materials and related fabrication pro-
cesses have not achieved the target level yet. Tybrandt et al. [329]
developed a stretchable, high-density flexible mesh capable of resolving
high spatiotemporal neural signals from the murine cortical surface of
freely moving rats. The electrode grid is fabricated with an inert com-
posite material with high performance, including gold-coated titania
nanowires embedded in a silicone matrix. By exploiting the flexibility
and stretchability of the electrodes, a reduction in the size of the
required craniotomy is achieved (Fig. 20c) [329]. As another notable
case, Xie et al. [330] proposed an ultra-flexible electronic probe capable
of being cryo-implanted and used in rodent brains, which overcame the
limitations of 3D macroporous nanoelectronic brain probes by
combining subcellular feature size and ultra-flexibility. The probe is also
capable of recording multiple local field potentials and single-unit action
potentials from the somatosensory cortex (Fig. 20d) [330]. Commonly in
optogenetics, in order to achieve relatively comprehensive functions,
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various components, including sensors, light sources and detectors, have
to be implanted into specific parts of the brain tissue. Kim et al. [331]
demonstrated a class of cell-scale optoelectronics of the injectable type,
which has multiple functions such as sensing, driving and stimulating.
Researchers exemplified unparalleled modes of operation in opto-
genetics including complex behavioral target control of fully wireless
and programmed freely moving animals. The extremely small size of the
p-ILED device offers significant advantages when it comes to implanta-
tion in living bodies. Its small dimensions effectively minimize tissue
damage and reduce inflammatory reactions, making it suitable for
long-term implantation scenarios. Furthermore, the efficient thermal
management and the spatially accurate, cell-scale photon transport
capability of the p-ILED device are also due to its extremely small
dimension. Notably, the temperature sensor integrated into the device
serves a dual purpose. Firstly, it functions as a sensing component to
determine the heating temperature, providing crucial feedback for
controlling the device’s operation. Secondly, it can act as a heater itself.
(Fig. 20e) [331]. For neural prostheses, an ideal range of mechanical
stiffness is required to avoid degradation from being too soft and tissue
damage from being too stiff. Minev et al. [332] designed soft nerve
implants capable of extracting cortical states in freely behaving animals
as brain-computer interface, and triggered electro-chemical spinal nerve
modulation to promote motor recovery after spinal cord injury paralysis.
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As evidenced in the study, the shape of these implants is quite suitable
for the geometry of the dura mater (Fig. 20f) [332]. The surface struc-
ture with smooth features of intracortical microelectrodes, which is
implanted within nanoscale structures of brain tissue, is considered to be
associated with foreign body responses. To explore it, Ereifej et al. [333]
used focused ion beam lithography to etch the silicon shank of a
nonfunctional intracortical microelectrode probe and investigated the
neuroinflammatory response of nanopatterned surface grooves on the
microelectrodes (Fig. 20g) [333]. Until now, there is no developed soft
integrated system capable of in vitro physiological monitoring of aligned
cells prior to in vivo application for tissue regeneration. Kim et al. [324]
proposed a multifunctional platform equipped with stretchable ultrathin
gold nanomembrane sensors and graphene-nanoribbon cell aligners for
soft cell culture and in situ monitoring of cellular physiology. Further-
more, a transfer printing mechanism of scaffold-free cell sheets for
delivering localized cell therapy in an in vivo setting is also proposed
(Fig. 20h) [324]. In addition, Tian et al. [334] proposed a device for
electrophysiological recording that can cover the entire scalp and the
whole circumference of the forearm. At the same time, the usage of EEG
and long-term EEG functional magnetic resonance imaging for
large-area interfaces is realized (Fig. 20i) [334].

5. Summary and outlook

As the most crucial and complex system of the human body, car-
diocerebral vascular system together with heart-brain network attracts
researchers inputting profuse and indefatigable efforts on an exploration
of proper methods for these timely vital signal monitoring and obtain-
ing. Flexible electronics and wearable sensors functioned to reflect the
real-time body signals of cardiocerebral vascular system, not only for
patients with chronic and acute diseases, but also can serve the general
public as much as possible. Traditional sensors involving rigid materials
normally cannot perfectly conform to the morphological changes of the
body contact surface, especially in the continuously moving situation,
and thus will inevitably affect the data accuracy and precision.
Furthermore, the utilization of rigid sensors can potentially lead to a
range of physiological adversities, particularly when employed in
implantable contexts. Addressing these aforementioned concerns has
been a focal point of rigorous research endeavors. The intrinsic attri-
butes of wearability, comfort, implantability, biocompatibility, sus-
tained monitoring and treatment, real-time assessment, heightened
sensitivity, and precision exhibited by flexible electronic devices, when
integrated into the cardiocerebral vascular system, equip them to sur-
mount many challenges ingrained within the realm of conventional rigid
devices. The intrinsic thinness and lightweight nature of flexible elec-
tronic devices facilitate a seamless adaptation to the intricate contours
of biological tissues, a feat that often eludes larger, bulkier rigid coun-
terparts, thereby imbuing convenience into their utilization. Notably,
the application of biocompatible materials within flexible electronics
precludes irritation and mitigates the potential for inflammatory re-
sponses, an attribute particularly salient when contemplating implant-
able applications. Conversely, implantable rigid devices may not only
incite inflammatory reactions but also compromise their overall func-
tionality, rendering them less conducive to sustained real-time moni-
toring of cardiocerebral vascular ailments. Consequently, the inherent
flexibility of electronics renders them notably more apt for prolonged,
real-time monitoring. Ultimately, owing to their unparalleled capacity
to seamlessly conform, flexible electronics possess the capability to
discern even the most nuanced physiological signals. This review mainly
summarizes recent breakthroughs in flexible electronics specifically
applied to the cardiocerebral vascular system and heart-brain network,
aiming to provide a relatively thorough reference.

In terms of the cardiovascular system, the reported flexible sensors
are mainly developed to detect heart rate (HR), blood oxygen saturation,
blood pressure (BP), blood glucose and other indicators. The measure-
ment methods of HR include ECG signals obtained through the
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bioelectric method to measure changes in biopotential and PPG signals
acquisition based on the optoelectric method to detect light absorption
variance. HR can also be acquired from SCG, radial pulse, and BCG
signals utilizing the mechanoelectrical principle to detect strain, pres-
sure, and acceleration, which reflect the pulse wave signals to reveal
changes in arterial diameter. For blood oxygen saturation, it can adopt
optoelectric-based methods to obtain PPG signals determining changes
in light absorption, and the measurement can help diagnose diseases
such as hypoxia and ischemia. For BP estimation based on signals from
bioelectric, optoelectric, and mechanoelectrical sensors, it works typi-
cally including algorithms according to PTT (pulse transient time), PAT
(pulse arrival time), and ML (machine learning). With obtaining PPG,
BCG, ECG, SCG, and mechanical pulse wave signals, they are easily
transferred to BP-related parameters such as PTT and PAT. Blood
glucose is commonly obtained with the electrochemical method, while
the current or voltage signals changing in saliva, tears, sweat and ISF can
sensitively reflect the glucose concentration. In terms of brain tissue and
cerebrovascular system, flexible sensors can be broadly adopted to
measure brain temperature, intracranial pressure (ICP), cerebral blood
flow (CBF), brain tissue oxygen, cerebral metabolism and other in-
dicators. Brain temperature plays a crucial role in reflecting the balance
of neurometabolic heat production, CBF and arterial blood entering
temperature, thus can be clinically used to help diagnose fever-sensitive
diseases. RTDs are considered to be one of the most accurate sensors for
measuring temperature. The monitoring of ICP is very necessary for
patients with brain injury, inflammatory infection, stroke, tumor, hy-
drocephalus, and epilepsy, etc., of which the working principle currently
mainly includes fluid-based systems, Doppler sonography and implant-
able transducers. CBF is associated with diseases such as cerebral arte-
riosclerosis, and current invasive methods for CBF measurement
normally include TDF and LDF, while only a few non-invasive tools are
available for serial assessment in rodents. Brain tissue oxygen concen-
tration is directly related to cerebral hypoxia. Invasive techniques for
monitoring PbtO, currently contain electrochemical sensing based on
Clark electrodes and optical sensing based on fluorescence quenching,
and the non-invasive techniques include NIRS. Similarly, for brain
ischemia or hypoxia, commonly chosen monitoring principles of cere-
bral metabolism include optical analyzers based on fluorescence sensing
and electrochemical analysis based on Clark electrodes. In addition,
flexible sensors can monitor neurodegenerative diseases and inside the
cranium, and pressure sensors providing timely intracranial pressure
(ICP) monitoring can help to reveal more intuitive force feedback for
surgeons controlling the flexible neurosurgical tools.

Anticipating the road ahead, several trends are poised to shape the
evolution of flexible electronics within the cardiovascular domain.
These trends encompass enhanced sensing technology, intelligent data
analysis, wireless real-time data transmission, and therapeutic applica-
tions. As manufacturing techniques evolve and flexible materials
continue to progress, the sensing capabilities of flexible electronics are
set to be refined, yielding heightened accuracy and sensitivity. In the
foreseeable future, the landscape of flexible electronics integrated into
the cardiocerebral vascular system will increasingly gravitate toward
wireless communication, thereby streamlining remote monitoring and
diagnostics. With ongoing refinements in structural design and techno-
logical prowess, the domain of therapeutic flexible electronics is poised
for gradual expansion. Furthermore, propelled by the rapid strides of
artificial intelligence, the development of advanced algorithms will
persist, culminating in the emergence of intelligent data analysis
algorithms.

Although flexible sensors have exhibited extraordinary advantages
with numerous successful trial cases, a difficult road still lies ahead to
further fulfill the clinical and marketing demands in the future. First of
all, wearable and implantable flexible sensors will inevitably cause
damage to the body, not only due to the insufficient development of
fabrication processes, and mismatching of large-scale sensor surfaces
versus exquisite various tissues, but also owing to the deficiency of ideal
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materials with excellent biocompatibility and degradation. These factors
of uncertainty will greatly increase the risk of infection, especially for
implanted components such as intracranial sensors, which may damage
nerves and cause severe sequelae. In addition, most of the current sen-
sors and devices are short of product normalization and integration,
which directly reveals the complexity and difficulties of device minia-
turization, proper components integration, connection optimization and
power supply with portable form. Moreover, most sensors can only
present basic signals or parameters for the monitored information, while
are lack of intuitive professional interpretation of obtained data, thus
resulting in the inconvenience of product prevailing to the market.
Overall, the excellent merits of flexible and soft sensors have brought
immeasurable application potential in medicine and other related fields.
Subsequently developed methods regarding the outstanding issues with
relevant improvements and upgradation are expected to achieve more
breakthroughs within the medical field and healthcare treatment.
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