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Abstract

Cardiovascular sensing and monitoring is a widely used function in cardiovascular devices.
Nowadays, achieving desired flexibility, wearability and implantability becomes a major design
goal for the advancement of this family of devices. As an emerging technology, nanogenerator
(NG) offers an intriguing promise for replacing the battery, an essential obstacle toward tissue-like
soft electronics. This article reviews most recent advancements in NG technology for advanced
cardiovascular sensing and monitoring. Based on the application targets, the discuss covers
implantable NGs on hearts, implantable NGs for blood vessel grafts and patches, and wearable
NGs with various sensing functions. The applications of NGs as a power source and as an
electromechanical sensing element are both discussed. At the end, current challenges in this
direction and future research perspectives are elaborated. This emerging and impactful application
direction reviewed in this article is expected to inspire many new research and commercialization
opportunities in the field of NG technology.

Keywords
Nanogenerator; Cardiovascular monitoring; Wearable devices; Implantable devices; Self-powering

Introduction

Cardiovascular disease (CVD) has been the leading cause of death in the US and there are
over 26 million adults in the United States with cardiovascular diseases nowadays [1-3].
By 2030, CVD is projected to account for 25 million deaths worldwide [4,5], which is a
fatal factor for the human health [6]. Common cardiovascular diseases can be divided into
two categories. The first category is heart diseases, including heart failure, arrhythmias,
myocardial and so on. The other one is vascular diseases, such as peripheral artery disease,
carotid artery disease, aortic aneurysms, and venous thromboembolism [7,8]. With the
remarkable development of the science and technology in the field of medical devices [9],
most of these diseases can be prevented or cured if they are detected and treated at an early
stage [10,11]. Nowadays, many portable and even wearable cardiovascular sensors have
been developed [12-14]. These sensors have played an important role in early diagnosis and
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prevention of cardiovascular diseases and have saved millions of people’s lives [15]. They
are either applied to capturing vital information from blood and vascular activities, such as
pulse sensing [16], blood pressure monitoring [17], and blood analyses [18,19], or directly
interfacing with the heart. The later groups of sensors are typically integrated with other
cardiac medical systems like pacemakers, cardioverter defibrillators and loop recorders to
achieve an autonomous therapeutic function [20,21].

Despite the rapid development of implantable and wearable electronic devices for
cardiovascular systems, majority of the devices are still rigid with a relatively large size
[22]. While most electronic components and circuits can be made flexible and in the
sub-millimeter regime, the powering component is mostly based on a primary battery system
[23,24]. The conventional battery technology can provide a continuous and stable electrical
power for the devices, satisfying the reliability concern of these critical medical devices.
However, they often occupy more than 50 percent of the whole device volume [25,26]. The
finite capacity of the batteries also substantially limited the device lifetime, which need to
be replaced in a regular base [27]. In addition, to ensure a high safety and reliability, the
medical devices, particularly for an implantable system, are typically packaged by a rigid
shell (mostly stainless steel), which completely mismatches the mechanical property of the
hosting tissues, and increase the potential of complication [28].

Following the technology evolution trend and patient-centered device design concept,
cardiovascular sensors see urgent needs of miniaturization, flexibility and tissue
compatibility [29]. Of course, sensitivity still remains the most critical factor for the
cardiovascular sensors, especially the signals from the cardiovascular system are always
faint and subtle [30]. Meanwhile, how to improve the power technology has been a

major research concern in recent years, as the battery directly determines the device

size, mass, flexibility and lifetime [31]. Among a variety of strategies, the nanogenerator
(NG) technology have aroused the greatest interests and have been studied globally by
numerous researchers [32]. As a type of electromechanical coupling device, NGs can harvest
the low-level mechanical energy form small-scale and irregular movements from various
body activities and convert them into electricity [33]. Therefore, NGs are considered as

a promising approach to the replacement of battery and enabling self-powered devices
[34,35]. Typical NGs rely on either piezoelectric or triboelectric principles, both of which
have been extensively studies theoretically and experimentally [34—-42]. Numerous energy
harvesting devices and systems have been developed using either piezoelectric NGs (PENG)
or triboelectric NGs (TENG) from the micrometer scale to the kilometer scale [41,43-51].
The NG technology has also been covered in many comprehensive review articles over years
[52-55], and thus we will not discuss the basic principles of this technology in this review
articles.

Given its unique electromechanical coupling feature [56], the NG technology has also been
introduced to the cardiovascular system to perform various functions [57,58]. The NGs offer
advantages of compact sizes, broad materials selections, good flexibility and compatibility,
as well as high sensitivity to biomechanical displacements [59-62]. One of the prevailing
applications of NGs for cardiovascular devices is to serve as the power source for achieving
self-powered pacemakers [27]. The different design principles and recent advancements
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have been covered in several well-representative review articles [28,55,63-65]. Aside from a
power source, NG also naturally provides sensing functions by directly coupling mechanical
displacements or pressure changes into electrical signals [66—69]. This behavior enlightened
a new way toward real-time and high-accuracy sensing of the activities in cardiovascular
systems [70]. This review article therefore focuses on the most recent advancements in NG
technology for sensor-related applications in the cardiovascular system. The cardiovascular
system has several unique features as a biomechanical energy source in the human body
[26]. Specifically, there exists regular periodic motions in the entire system, originated from
heartbeats [71]. This includes muscle stretching/expansions directly on heart, from the blood
pressure fluctuations inside or at the surface of blood vessels, or remotely through external
skin surfaces [72,73]. The unique physical and chemical environment of the cardiovascular
system provides different challenges as well as new opportunities for NG devices design

and applications [57]. Based on the application conditions, we group our discussions into
three major categories, including NG-based sensors for heart activities, on blood vessels, and
for remote blood sensing (Figure 1). Existing challenges and perspectives are summarized
toward the end of this article. We expect this article will provide a timely overview of the
advances of NG technology for cardiovascular sensing and monitoring, and inspire new
technology breakthroughs in this exciting NG application direction.

Sensors for Heart Activities Monitoring

Heart activities carry a large amount of vital information that can be used to

monitor and diagnose various cardiovascular diseases [74]. Clinically, the cardiovascular
system is normally examined by electrical signal measurement techniques including
electrocardiograph (ECG), phonocardiogram, and sphygmograph [75,76]. This type of
measurements is usually done in clinics and require professional operations, due to the
sophistication of setup and signal processing [76]. These systems are also bulky and not
suitable for mobile or wearable physiological signal monitoring system [77]. Therefore,
developing highly sensitive and selective, and miniaturized heart activities sensors are
of substantial significance and urgency for realizing daily signal collection from hearts.
Following the similar concept of energy harvesting from the hearts, NGs are also well-suited
for monitoring the heart activities, via either implanted or wearable strategies.

Implantable NG-based heart activity sensors

Similar to the NGs used for harvesting energy from heartbeats, implantable NG-based
sensors have been designed to be responsible for heartbeats. Here the focus of NG
technology development is primarily on signal sensitivity rather than the absolute amount

of electric energy that can be generated. Given the high energy availability from hearts, the
electricity provided from NGs was often used to support the sensing signal transmission or
recording, therefore achieving a self-powered operation. In 2016, Zheng et al reported a self-
powered wireless cardiac monitoring based on a TENG which was implanted on the heart
surface [78] (Figure 2A). The contact-separation TENG device consisted of a nanostructured
polytetrafluoroethylene (n-PTFE) film and an Al foil as the two triboelectric layers. A
highly resilient titanium strip was introduced as a ‘keel structure’ in the TENG structure

to facilitate the contact and separation process. The whole structure was packaged in a
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PTFE/Polydimethylsiloxane (PDMS)/parylene C trilayer structure. These well-engineered
three layers of packaging offered a good protection to the device from its liquid and dynamic
implantation environment, as well as improved the device’s stability, corrosion resistance,
and biocompatibility. However, such a multilayered packaging structure also impeded the
TENG movements and lowered the output amplitude. By implanting the device on different
positions of the heart surface of a pig, the highest TENG output was found from the

lateral wall of the left ventricular, providing an average output voltage of 14.0V. The output
signals well matched the signal obtained from the electrocardiogram (ECG), suggesting an
accurate sensing capability. Based on this device, a wireless heart monitoring system was
developed by integrating the TENG with a power management unit (PMU) and a wireless
transmitter. A capacitor in the PMU was charged by the TENG on-heart, and then powered
the wireless transmitter to send the heartbeat information via electromagnetic waves to the
external receiving coil. The amplitude of the wireless transmitted signal was directly related
to the charging time and the frequency of the applied force. This way, the system enabled a
wireless monitoring of heart beating behavior without using a battery. It should be pointed
out that in the current design, the PMU was still connected externally. Further development
and integration are needed in order to realize a complete implantable system.

A similar implantable TENG-based device was created by Zhao et al. via a more scalable
approach [79] (Figure 2B). The device was structured with a copper layer and an outside
Ecoflex rubber layer. The gap between the rubber and copper was created in situ by
vaporizing distilled water soaking. This process offered a fairly uniform stress/strain
distribution in the TENG layers, and thus the TENG could undergo larger displacement
compared with the conventional TENG with spacer added. Therefore, this TENG device
eliminated the obstacle from spacer, and could sense subtle movements near the spacer. This
relatively simple fabrication method was also helpful to improve the device’s biosafety by
largely reducing unwanted air contamination in vivo. The output voltage from this device
also showed a good consistency to corresponding ECG signals, confirming the potential as a
sensing element for monitoring the heart activities.

In addition to the epicardiac sensors that apply on the heart surface, there are also
developments on endocardial pressure sensor, which may minimize the implantation
invasiveness. Liu et al reported a transcatheter self-powered ultrasensitive endocardial
pressure sensor (SEPS) based on the TENG technology [80] (Figure 2C). The device had

a multilayered structure, where a nano-PTFE film and an Al foil were employed as the
triboelectric layers. Compared to the devices implanted on the surface of the heart, this
device had a smaller size of 1cm x 1.5cm x 0.1cm. To improve the output performance and
sensitivity of the device, the surface of nano-PTFE was treated with corona discharge to
raise the surface charge density. The compact size of the device allowed it to be delivered
by a regular polyvinyl chloride (PVC) stretchable catheter, achieving minimally invasive
implantation. The device was implanted into the left ventricle and the left atrium of a pig,
respectively, and both produced consistent voltage signal following the heart beats. The
voltage profile matched well with the ECG and FAP signals. In addition, under simulated
ventricular fibrillation conditions, the output signals showed an excellent consistency with
heart condition changes. Both proved the feasibility of the endocardial device in monitoring
the heart activities. Compared to the epicardiac devices, the endocardial sensor could collect
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more information from both heart beating and blood pressure change, and may provide more
comprehensive data sets for heart function monitoring. It may also be integrated with the
new intracardiac pacemaker technology.

Wearable cardiovascular sensors

Compared to the implantable sensors, wearable sensors are much more commonly
developed for monitoring the heart activities by sensing the pulsation information [81].
This type of devices has a relatively simple structure, and can potentially be a low-cost and
disposable system [82]. Both PENG and TENG have been widely used in this wearable
sensor system.

As the first NG technology, PENGs have been widely studied as wearable sensors for

heart activities [83]. Among many different material selections, piezoelectric polymers are
the first and most common choice due to their high flexibility, good processability, and
reasonable biocompatibility [84]. Kang et al reported a flexible nanofibers (NF)-mat design,
where the NFs were fabricated using electrospun piezoelectric P(VDF-TrFE) composited
with ZnSnO3 nanoparticles-decorated carbon nanotubes (SMC) decorated [85] (Figure 3A).
The piezoelectric responses were improved by introducing the highly conductive SMC

into the ZnSnO3-P(VDF-TrFE) mixture for charge collection. The piezoelectric NF-mat
was sandwiched between two microbead array electrodes (MAE) and two packing films.
The microbead structure enabled effective transfer of external mechanical force to the
piezoelectric mat for electrical signal generation. The device had a good flexibility and
sensitivity, and could provide a continuous and precise reading of the pulses with a voltage
output of ~100 mV when wrapping around the wrist.

Compared to implantable devices, the wearable sensors have relatively lower requirement
on the biocompatibility, and thus allowed more choices of the piezoelectric materials [86],
particularly from the group of inorganic piezoelectric ceramics as such Pb[Zry, Ti;—x]O3
(PZT) and BaTiOs3. This group of materials typically has high piezoelectric coefficients, low
cost, and good scalability. A self-powered real-time arterial pulse monitoring device was
reported by Park et al based on a high-quality PZT thin film [87] (Figure 3B). The PZT

film was affixed on an ultrathin PET substrate, with a pair of interdigitated gold electrodes
deposited on its surface. The whole device had an extremely small thickness of only 7.8

um, which offered a very high flexibility. Therefore, the device could achieve conformal
contact to the complex human skin topography and thus provided a high sensing ability to
pressure changes near the skin surface induced by arterial pulse. In the tests, the wearable
pulse sensor was attached to the wrist area and could precisely detect the pulse signals (rate
and intensity) change before (red line) and after (blue line) physical exercise (running for 10
min). The enlarged pulse signal clearly revealed the characteristic peaks of peripheral artery
waveforms, which carry important biomedical and physiological information such as arterial
stiffness, coronary artery disease, and myocardial infraction.

Beyond these traditional piezoelectric materials, more emerging or bio-related materials
have also been used to develop PENG sensors, such as spider silk fibers [88], silk [89] and
collagen [50]. As a new class of piezoelectric materials, two-dimensional (2D) piezoelectric
materials have drawn significant attention in both fundamental and applied research in recent
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years. Though their overall piezoelectric responses are still generally low, their unique 2D
morphology makes them an interesting candidate for sensor applications, particularly toward
flexible systems. Li et al investigated the giant in-plane piezoelectric properties of 2D SnSe
crystals and discovered a relatively high piezoelectric output voltage of 760 mV from SnSe
flakes with an armchair pattern when it was bent [90] (Figure 3C). When attached on

the human chest, the SnSe device could successfully sense the mechanical motions from
heartbeats, and output electric pulses with an amplitude of ~1.2 mV. The signal frequency
was consistent with the heart rate, showing a potential of self-powered wearable monitor for
vital signals in healthcare applications.

Compared to the piezoelectric materials, triboelectric materials offer a wider selection for
achieving desired electromechanical coupling for the wearable sensor application. TENG
based sensors usually offer much high voltage outputs compared to the piezoelectric devices
[91]. Ouyang et al reported a Cu-Kapton based TENG which could be integrated in a
flexible, self-powered ultrasensitive pulse sensor (SUPS) with excellent output performance,
high peak signal-noise ratio, high sensitivity, and high resolution in time [92] (Figure 4A).
The Kapton and Cu films both had a nanostructured surface, which largely improved the
triboelectric output. The high sensitivity allowed the SUPS to detect weak signals from the
heart, and the output voltage profile exhibited an excellent linearity with the ECG readings
by analyzing the R-R intervals. This demonstration validated the potential of accurate heart
rate monitoring in clinical applications. Given its high temporal resolution, the SUPS could
provide an accurate measurement of the pulse wave velocity (PWV), which was accepted

as the robust, simple, and reproducible method to determine the regional arterial stiffness.
PWV was determined from the signals obtained from two sensors placed 4.5 cm apart on
the radial artery of the wrist. The ability of regional artery PWV measurement could be
more convenient and patient-friendly than the commonly used ankle-brachial PWV and
carotid\-femoral PWV in clinical. Liu et al presented a simple and low-cost strategy to
achieve high sensitivity and flexibility for pressure sensing based on TENGs created by
synergizing PDMS and thermally expandable microspheres [93] (Figure 4B). A large-area
patterned triboelectrification thin layer was fabricated by spin-coating a mixture of thermally
expandable microspheres and PDMS on a flat substrate. When heated, the microspheres
expanded and protruded out of the flat PDMS surface. When a constant force/pressure was
applied, the upper FEP film came into contact with and then deformed the soft microspheres.
Different pressures yielded different microsphere deformations resulting in different contact
areas, and thereby produced different amount of triboelectric surface charges serving as the
pressure sensor signals. The ultra-softness of the microsphere structure offered excellent
sensitivity to surface pressure. When fixed on the wrist, the pulse rate could be precisely
recorded. Moreover, the percussion wave (P-wave), the valley, and the diastolic wave (D-
wave) could also be detected clearly, providing vital information about the systolic blood
pressure, the diastolic blood pressure, and the ventricular pressure. In addition to enlarging
the contact area of the triboelectric layers, Zhang et al proposed another strategy to enhance
the output signal by using a lever-inspired contact-separation TENG (Li-TENG) [94] (Figure
4C). The top electrode of TENG was fixed on the lever bar, while the bottom electrode was
fixed on a stage. The contact and separation distance and speed between the two electrodes
was thus modulated by the lever ratio, which can be tuned to amplify the output amplitudes
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without changing the amount of charge transfer. The V., could reach up to 18V when the
device was fixed on the wrist to measure the pulse signal from the right radial artery.

Sensors and Monitors for Blood Vessels

In addition to the heart, blood vessel is another essential organ in the cardiovascular
system. Vascular replacement is a prevalent surgical intervention for the restoration

of obstructed or nonfunctional blood vessels in the management of coronary artery

disease, cerebrovascular accidents, and critical limb ischemia' [95]. Approximately 450,000
prosthetic vascular graft implantations are performed annually in the United States [96].
Nonetheless, vascular implant failure can transpire without substantial warning signs,

with 40-60% of vascular grafts failing within the first-year post-implantation, leading to
increased morbidity and mortality rates [97,98]. It is therefore crucial to monitor associated
local physiological parameters, such as hemodynamic pressure, graft flow velocity, and
alterations continuously and promptly in luminal dimensions, to identify significant lesions
at an early stage [99]. At present, surveillance of implanted blood vessels necessitates
periodic clinical assessments using advanced diagnostic tools, including ultrasound imaging
devices, sphygmomanometers, and contrast-enhanced computed tomography (CT) scans
[100,101]. However, these methods have proven to be insufficient and ineffective for the
prompt detection of complications and prevention of graft failure [102]. Consequently,
there is a pressing need for the development of real-time monitoring systems for implanted
vascular grafts to accurately identify complications and facilitate early intervention through
less invasive and safer approaches [103]. Comparing to intermittent measurements, real-time
monitoring can provide timely detection of sudden changes from blood vessels and allow
early diagnosis of health problems. However, the reliance to traditional batteries as the
power supply limits the lifetime of real-time monitoring systems as well as impedes their
application in vivo. As a type of electromechanical coupling device with a broad range of
configuration and material selections, NG technology showed a unique potential to realize
self-powering capability and real-time monitoring of blood vessels [104]. Generally, there
are two ways to realize the real-time monitoring: smart blood vessels with self-monitoring
functions and functional patches that can be wrapped around the blood vessels.

Smart blood vessels

In 2018, Hu et al reported a multifunctional piezoelectric elastomer composite which
could be used for artificial arteries [105] (Figure 5A). The elastomer was composed of
PDMS, PVDF and carbon nanotubes (CNT). The introduction of the PVDF enhanced

the mechanical properties such as strength, instantaneous modulus, and Young’s modulus.
Adding CNT could improve the dynamic mechanical properties of viscoelasticity. Therefore,
the composite could endure more mechanical stress and deliver higher electric output
under a fixed pressure. The composite was used as the functional layer in a smart artery,
which had a five-layer structure with the other layers being electrodes and packaging. The
pressure applied on the internal wall of the artificial artery could effectively deform of

the PVDF-PDMS-CNT layer and drove an alternative voltage pattern. The peak-to-peak
voltage reached up to 0.28 V under simulated blood flow at an inner pressure of ~1.1 kPa,
showing the capability of capturing the blood pressure in vivo and consistently monitoring
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the heartbeats. Wang et al reported a different double-layered vascular graft based on TENG
technology using poly(3-hydroxybutyrate (PHB) and expanded polytetrafluoroethylene
(ePTFE) membranes as the positive and negative materials, respectively [106] (Figure 5B).
The output voltage of this artificial artery reached more than 300 V and it was able to charge
a 100 pF capacitor to 7.5 V in just 100 s under a simulated 30 N force. When driven by a
dynamic peristaltic pump flow, the output signals by the TENG-based blood vessel showed
obviously different patterns between the obstructed and unobstructed blood flow conditions,
indicating the potential of monitoring endothelial/vascular tissue growth.

In 2020, Li et al introduced 3D printing technology for fabricating multifunctional artificial
artery, in which an electric field was applied to achieve in situ poling of the ferroelectric
printing materials [107] (Figure 6A). In their work, a ferroelectric composite consisting of
35vol% functionalized sodium potassium niobate (KNN) piezoceramic particles and 65vol%
PVDF polymer was used as the printing material. KNN-based materials are a group of
high-performance lead-free ferroelectric ceramics that are also biocompatible. PVDF was
selected as it is a soft thermoplastic polymer with excellent printability, flexibility, and
acceptable piezoelectricity. The 3D-printed sinusoidal lattice with a thickness of 0.2mm
served as the piezoelectric backbone, which was encapsulated by PDMS to form the
artificial artery. An artificial circulation system was used to demonstrate the self-powered
blood pressure sensing capability of the artificial artery. The piezoelectric voltage output
was proportional to the exerting pressure in the artificial artery and a good monotonic
relationship was identified within the normal human blood pressure range from 1.5kPa

to 30 kPa. The complete 3D piezoelectric lattice also allowed precise determination of

the blood vessels movements, allowing early detection of thrombosis. When the blood
vessel was only blocked by a small percentage (e.g. 20%), blood pressure change was
indistinguishable. However, the slight asymmetric artery movement because of the different
blood flows/pressures pattern at two sides of the thrombosis could be clearly captured

by the artificial artery with an obvious double-peak characteristic. Besides, Cafarelli et al
proposed a nanocomposite graft by combining the poly(ether)urethane and PDMS with
BaTiO3 nanoparticles [108] (Figure 6B). The graft had an internal diameter of 6 mm with
the wall thickness of ~500 um. With the addition of BaTiO3 nanoparticles, the average ds3
of the device was raised to 1.91 pm/V, which was more than two times of that of the control
group without doping.

Blood vessel patches

Rather than developing the blood vessel completely, some studies focused on designing a
piezoelectric patch that can be wrapped on a regular graft to monitor the pressure inside. In a
representative example, D’ Ambrogio et al reported a NaNbO3 fibers/PDMS piezoelectric
composite patch, which could realize real-time monitoring of the blood pressure and
anomalies related to the thrombus [109] (Figure 7A). The patch had a simple multi-layered
structure with a piezoelectric composite mash, two electrodes and an epoxy base. The patch
was wrapped on a graft connecting two tubes. To simulate the vascular stenosis caused by

a thrombus, two clips were integrated on the tubes, one before and one after the sensor.

The output voltage of the patch exhibited a linear increase from 0.92V to 1.29V, when the
simulated occlusion was built up from 0% to 25% by the after-clip. When the occlusion was
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introduced by the before-clip, an opposite voltage output change was obtained. This work
demonstrated that the position and the degree of the occlusion could be determined based on
the position of the patch and the output signal variation.

Due to the relatively simple design of patch, many different kinds of piezoelectric materials
have been applied to the development of piezoelectric patches for blood pressure and vessel
monitoring, such as PVDF, PVDF-TrFE, and even piezoelectric ceramics (e.g. AIN). They
all showed high sensitivity and reliable mechanical performance. Cheng et al reported an
implantable and self-powered blood pressure monitor based on a piezoelectric thin film
[110] (Figure 7B). The device was fabricated with a 200 um piezoelectric thin film of
polarized PVVDF which was sandwiched by compliant aluminum thin layers as electrodes,
and the whole device was encapsulated in two polyimide films. The device was designed

to be wrapped on the surface of the aorta and could output alternating current continuously
in an external circuit. In the in vivo test, the voltage output responded well to the blood
pressure fluctuation, and the systolic signal and diastolic signal leaded to the positive and
negative voltage pulses, respectively. The delay time of the voltage was only ~51 ms,
showing a great responsibility of the sensor.

For transient applications, bioresorbable materials have been explored as an implantable
sensor that only functions for a designed time period, and then degrades and is absorbed
locally. Ouyang et al proposed a kind of implantable bioresorbable self-powered sensor
based on the triboelectric effect (BTS) [111] (Figure 8A). One poly(lactic acid)—(chitosan
4%) (PLAJ/C) film with a nanostructured surface was used as the triboelectric layer. Mg

was deposited on the other PLA/C film serving as the electrode. All these materials are
biodegradable and bioresorbable. The sensor was attached to the vascular wall, and the
ambulatory blood pressure signal obtained by the device showed a good consistency with
commercial blood pressure sensors. Abnormal vascular occlusion situations could also be
detected by the device by identifying abnormal drop of blood pressure. This device has a
potential of monitoring the prognosis during cardiovascular surgery. Tan et al. also presented
a design of a perforated piezoelectric tube which might be applied as a self-powered smart
stent for real-time blood pressure monitoring [112] (Figure 8B). The device was made from
a PVDF film with a perforation design to improve its mechanical compatibility. Both sides
of the PVDF film were covered by a submicron-thick metal film as electrodes, which gave a
total thickness of 100 pm. The ultrathin structure allowed the device being able to wrap the
artery, and harvest energy from the blood pressure changes in the artery.

In general, both the smart blood vessels and patches are able to provide the real-time
monitoring of the blood vessel conditions and diagnosis of the diseases. The patches have a
simpler structure and are used directly on healthy blood vessels. Their implementation may
be relatively simple and application situations can be broad. However, the patch attachment
may influence the movements of the vessels and may cause complications over a long
term. Compared to the patches, smart vessels are a substitute of the real vessels, which
have more specific medical situations to be used for. As a complete replacement, the smart
vessels have a more sophisticated structure and working mechanism. They also need to
satisfy other requirements to meet a normal vessel function, such as mechanical properties.
Therefore, a more comprehensive and longer time development before clinical trials can be
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expected for smart vessels. Despite the relatively straightforward structure and functionality,
both artificial blood vessel and patches are mainly studied in vitro so far. This is possibly
due to the high requirements of in vivo experiments for blood vessel grafting. While most
current studies are primarily focusing on the functionality, the equally important parameters
that require in-depth studies include biocompatibility, flexibility and long-term stability.
Nevertheless, it is unequivocal that multifunctional artificial blood vessels hold significant
promises for future biomedical engineering solutions treating cardiovascular diseases.

Wearable Blood Sensors.

As an essential component in the cardiovascular systems, blood carry many vital signals that
can reflect the health conditions to a large extent [113]. As mentioned earlier, blood pressure
is one of the critical health parameters that need to be monitored regularly [114]. High blood
pressure is the lead risk factor for arteriosclerosis, cerebrovascular disease, heart disease,
retinal damage, and renal failure [115]. In addition, blood oxygen, glucose levels and many
other parameters from blood need to be regularly monitored particularly for patients with
chronic diseases, such as diabetes [116,117]. These health factors are often sensed externally
from the body, where a wearable device is becoming a prevailing strategy for achieving
daily monitoring. As a unique self-powering technique, NG also found broad application
potentials in this group of wearable sensors, enabling battery-free and self-sustainable device
designs.

Wearable blood pressure sensors.

NG-based wearable blood pressure sensors devices have been widely studied recent years
as a representative self-powered wearable medical device. In 2018, a weaving constructed
self-powered pressure sensor for continuous and cuffless measurement of blood pressure
was reported by Meng et al [118] (Figure 9A). The device was based on a contact-separation
TENG and held a multilayer structure which was inspired the common textile for clothes
with traditional woven patterns. A layer of PTFE strips with interlaced woven structure was
placed above a PET substrate, acting as an electrification layer. The weaving structure was
designed to offer a high sensitivity, and the device could respond to small pressure changes
in no more than 5 ms. The device was integrated with a signal management circuits for
real-time blood pressure measurements. Two sensor devices were placed at the fingertip
and behind the ear respectively to detect human pulse waves, and the collected signals
could be used to calculate the systolic and diastolic blood pressure. The measurement
results showed a good consistency with a cuff-based electronic sphygmomanometer,
evidencing the potential for practical applications. Other than the weaving configuration,
the conical or pyramid microstructure was also commonly used for pressure sensing in
TENG design. Chen et al reported a hierarchical elastomer microstructure (HEM)-based
TENG by using a two-stage conical PDMS configuration [119] (Figure 9B). The HEM was
designed to serve as supporting structure to generate a highly compressible and tunable

gap for achieving a high sensing performance. The ultrathin fluorinated ethylene propylene
(FEP)/Ag film served as the other triboelectric layer. The ultrasmall thickness together with
the microstructure-supported airgap enabled a conformal attachment of the device to the
largely-curved skin surface at the wrist. Its high sensitivity allowed a continuous monitoring
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of the arterial pulse waveform caused by the faint motions of vascular vessels, which

could reflect the artery and heart condition. Based on the measured pulse waveforms, the
diastolic blood pressure (DBP) and systolic blood pressure (SBP) could be calculated by
the oscillometric blood pressure measurement or the pulse transient time (PTT) analysis.
The calculated blood pressure values matched well with the values measured by commercial
sphygmomanometer.

Glucose sensors.

Real-time monitoring of the blood glucose level is a critical need for diabetic patents, and
there are quite a few wearable glucose sensors becoming commercially available recently
with limited lifetime. Alleviating from battery reliance would be promise to further improve
the devices’ lifetime and compatibility. In 2016, Xue et al provided a strategy to fabricate

a self-powered electronic skin for detecting glucose level in body fluid [120] (Figure

10A). The e-skin includes a graphene oxidase (GOx) @ZnO nanowire array as the sensing
functional material. Ti and Al layers were used as the two electrodes supported by elastic
PDMS layers. The whole device was supported by a Kapton film. The sensing was realized
by the piezo-enzymatic-reaction coupling effect on the GOx@ZnO nanowire arrays. By
immersing the nanowires in the glucose aqueous solution, the enzyme reaction between
GOx and glucose would lead to the production of the H* carriers and electrons. These
charged species on the nanowire surface would screen the piezoelectric effect from the ZnO
nanowires when they were under a certain applied force. Therefore, the piezoelectric voltage
output could be reduced as the glucose concentration increases in the fluid, so that the blood
glucose level could be determined. Based on similar principle, Zhang et al implanted a self-
powered implantable skin-like glucometer into rats’ abdomen to monitor the blood glucose
level [121] (Figure 10B). The device was assembled by positioning parallel ZnO nanowires
(along the same direction) onto Ti interdigitated electrodes on a soft Kapton substrate. In
the in vivo test, a constant force of 4 N was applied to drive the TENG when the rats were
in anesthesia. Under a constant strain, the piezoelectric voltage output obviously decreased
from 0.16 V to 0.075 V after injection of glucose solution, suggesting the feasibility of
NG-based glucometer. Using a ZnO nanowire-based TENG as the glucose sensor, Yang et
al designed a self-powered closed-loop brain-machine-interface system, which could realize
real-time detecting and rapidly adjusting blood glucose concentration [122] (Figure 10C).
The flexible glucose sensor was made of enzyme/ZnO nanowire arrays and self-powered
by the body motion. The output could be treated as the glucose-detecting signal through

the biosensing-piezoelectric coupling effect, which allowed active monitoring of the saliva
glucose concentration in real time. Another TENG used in the system to power a micro
control unit and a brain stimulator, which analyzes glucose concentration and transmits the
stimulation current to the electrode of the brain stimulator, and thereby adjust the blood
glucose concentration. This study demonstrated a new path to integrate the NG technology
into a sophisticated multifunctional system to realize complex functionalities.

Blood oxygen sensors.

While the blood oxygen level is usually monitored optically, the powering part could also
be replaced by the NG technology to achieve a self-powered operation. In 2019, Chen
et al reported a TENG-based self-powered blood oxygen monitor system [123] (Figure
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11A). The system was composed of a flexible TENG, an energy storage unit, and a

blood oxygen detector unit. The TENG device was comprised of a crumpled Au electrode
and a PDMS triboelectric layer. The rough microstructured surfaces of the electrode and
PDMS enhanced the output power, which could charge the battery to 2.0 V from 1.9 V

in ~3 h. The battery was connected to red and IR LEDs, serving as the blood oxygen
detector. The whole device was supported on a thumbnail PI substrate. Supported by

the TENG, a stable photoplethysmography (PPG) signal was achieved from the LEDs

to calculate the oxyhemoglobin saturation (SpO,). The SpO, is defined as the ratio

between the concentration of hemoglobin (HbO,) over the total concentration of HbO,

and deoxyhemoglobin (Hb) using the light absorption intensities via the Lambert—-Beer law
[124]. In 2021, Chen et al designed another TENG-based device for the blood oxygen
monitoring [125] (Figure 11B). The stretchable TENG was built on a crumpled poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/porous carbon structure. The
PEDOT: PSS/porous carbon was spin-coated onto a pre-stretched Ecoflex film acting as

the stretchable TENG electrode. The TENG was fixed on the finger pulp and converted

the finger movements into electricity to power a supercapacitor, which was connected to

the LEDs for blood oxygen measurement. In general, the integration of TENG makes self-
powering possible. Nevertheless, the use of LEDs typically requires higher energy compared
to other electronic sensor systems. More applicable demonstrates would still require higher
power output, which could drive the power source to the usable energy level within a shorter
time to realize a meaningful real-time monitoring.

Prospective and Conclusion

As one of the most promising candidates for replacing the batteries in future electronics, NG
technology has experienced tremendous developments in the last decade. Applications of
NGs in medical devices have shown particular promises for enabling self-powered sensing
and care-free real-time monitoring. In order to bring this intriguing concept to a practical
system, there are still a few critical challenges need to be addressed in future technology
development.

Biocompatibility.

As a kind of devices which are implanted in vivo or directly contact the skin, NG-

based cardiovascular sensors and monitors require high biocompatibility to prevent
inflammations and complications. Most of current researches indeed focused on using
flexible, biocompatible and even biodegradable materials for device developments. However,
in order to support the long-term in vivo test and particularly clinical translation, more
rigorous tests are still needed. Currently, most of the biocompatibility tests were conducted
in the controlled lab environment, which may be oversimplified and ignore the complex
condition in vivo. Sometimes, the biocompatibility of the materials does not necessarily
support the in vivo compatibility of the device, as more fabrication and processing

processes may involve additional contaminations. In addition, long-term biocompatibility
tests, spinning months to years, are conspicuously lacking in almost all researches [126].
While such a long-term test is very time consuming, it may become necessary to standardize
an accelerated approach to expedite the biocompatibility test in a faster pace for device
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developments. In general, biocompatibility remains a critical aspect that must be proved
prior to the commercialization of the implantable devices. Along this direction, it’s also
favorable to discover more biocompatible materials. Some nature-derived biomaterials, such
as amino acids, peptides, collagens, and silks, have now been increasingly used in NG
designs to leverage their piezoelectric or triboelectric properties. Besides, we envision

that the packaging materials may provide an ultimate solution to biocompatibility matter,
because it is needed by almost all devices. So far, research efforts in the developments of
biocompatible packaging materials are rather slim. Further endeavors are required to strike
a balance between device output performance and biocompatibility in the complete device
assembly and packaging [127].

Electrical energy output enhancement.

Though the energy requirements of most sensor devices are relatively small and can be
satisfied by many NG designs, the electrical energy output is still the top priority for NGs
that are developed for sensor applications. This is because in order to achieve the complete
function of sensing and monitoring, the sensor elements usually need to be associated with
complex electronic systems for data and signal processing and transmission. Therefore,

the power requirement of a fully self-powered monitoring system can be much more
beyond a single sensing element would require. While the majority of current research

on NG-based sensor device is still focused on single sensor element, the trend is moving
toward more complete sensor or monitoring systems, which may include components for
power management, data storage, wireless transmission and adaptive control. Accordingly,
to serve these comprehensive purposes, NGs will need to be more powerful to support

the operation of all electronics. This falls into the general strategies for NG output

power improvements, which have been reviewed in many other articles [30,34,128-132]
Considering the sensors are interfaced with human body or organs, materials development
is particularly important. In addition to the high electromechanical conversion efficiency,
the materials and device structures should be specifically designed according the motion
patterns, rates and amplitudes of the interfacing body parts. Besides, the power management
of the NG system is also important. Given the outputs of human-driven NGs are typically
pulsatile, small and unstable [133], specially designed electronic systems are needed to
efficiently convert and store the electrical energy with minimal losses. Meanwhile, they still
need to keep the overall flexibility and wearability or implantability. It is good to see some
development of power management systems have been investigated for NGs in general.
However, more improvements or complete redesigns may still be required in order to fit the
wearable and implantable devices as discussed above.

Miniaturization.

Similar to all implantable or wearable devices, size and mass is a critical issue to be
considered for NGs used for self-powered sensor and monitor systems. As these NG devices
are directly interacting with the body or tissue movements, their size and mass should

be specifically designed to fit the placement conditions and do not disturb the normal
movements or function of the interfacing or surrounding tissues or organs. For example,

for NGs placed on tissue surfaces, such as hearts and blood vessels, a flat geometry

is preferred and the thickness should ideally be in the range of a few millimeters. For
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wearable devices, the state-of-the-art sensor technology only has a few grams in weight

for the entire device [134], which introduces minimal influences to the body. Considering
the power output of a NG is directly related to the volume (piezoelectric) or surface area
(triboelectric), how to achieve high energy density within the limited size and mass frames
will be the key direction of future development. In this regard, advances in materials science,
flexible microelectronic technology, and micro- or nano-processing strategies may provide
many opportunities to develop smaller, lighter, and more powerful NGs for next generation
self-powered cardiovascular monitoring devices.

Matching mechanical property.

Packaging.

While current wearable and implantable NG devices are aimed at flexible and stretchable
systems, their mechanical moduli are mostly at the level of sub-GPa [135], [136]. This

is still a few orders of magnitude higher than the moduli of human tissues and organs

(such as muscles, blood vessels, skins, hearts, diaphragms, stomach, etc.) [137]. The

large difference inhibits the formation of an intimate biotic-abiotic interface, and effective
transfer of mechanical motions from tissue to the device. Minimizing this mechanical
discrepancy at the interface between the NG and the host organism may alleviate
deleterious immune reactions during long-term implantation periods, as well as achieve
more efficient mechanical-to-electric energy conversion efficiency. To further bringing the
mechanical modulus of NG devices down to the tissue level, new strategies need to be
implemented beyond the general materials and structure engineering approaches being
practiced nowadays. For example, the pursuit of further structural engineering at the micro-
to nano-scale may further optimize directional mechanical properties without jeopardizing
the electromechanical coupling performance. It is also of great scientific significance

to design, synthesis and fabrication of new piezoelectric and triboelectric materials that
offer tunable mechanical properties with high electromechanical coupling behavior. These
discoveries should be driven by new understandings of molecular and atomic interactions
from large molecules, bio molecules or organic/inorganic hybrid systems. Researchers
would largely rely on current powerful molecular/ atomic simulations and machine learning
techniques to facilitate the materials innovation and engineering.

Packaging, or encapsulation is equally important as the mechanical property tuning, as

it also determines the device overall performance and stability. In most cases, it is the
packaging material that directly interfaces the tissue surface and transfers the mechanical
displacement. The packaging material is also an inevitable component for implantable or
wearable medical devices, because the operation environment is full of fluids or with

high humidity, which is fatal for the operation of NGs and electronics. Same as the core
components, the packaging material also needs to be flexible and light-weighted, in addition
to its desired waterproof capability. Therefore, the size and mechanical property constrains
discussed above also apply to the packaging materials. More importantly, different from
other implantable or wearable devices, the operation of NGs requires constant movements
together with the hosting tissue (e.g. stretching and bending). This introduces an additional
constrain to the packaging materials, i.e. their primary waterproof and electrical insulating
function should remain stable under the large dynamic straining conditions over lifetime.
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So far, the main selections of the packaging materials are still conventional polymers like
EcoFlex, PDMS and Parylene [138,139]. These materials are either too rigid compared to
the tissues, or has a poor water resistivity when strained. A recent study revealed a polymer
composite that can satisfy both mechanical property and water resistance[135]. This new
materials development suggested a path to meet the new requirements of packaging
materials for implantable and wearable NG-based systems. It is expected to see more
materials innovations along this highly-underdeveloped direction in the near future.

In conclusion, the emergence of NG and self-powered technology aligns seamlessly with
the development of wearable and implantable cardiovascular sensors and monitors. These
devices are now undergoing an incessant transformation, with the latest generation of
self-powered CEDs exhibiting enhanced outputs, improved safety, increased durability, and
heightened functional complexity compared to their predecessors. These advancements offer
the potential for achieving greater lifespan, enhanced miniaturization, improved human
biomechanical adaptability, increased sensitivity, and mobile data processing. Adapting the
NG technology for self-powered electronic medical devices can be in three stages. In the
first stage, nanogenerators can be as a complementary power source of traditional batteries.
As the outputs enhance, the nanogenerators can replace the batteries completely at the
second stage. And at the third stage, nanogenerators can be the power source as well

as the sensor at the same time. Looking forward, it is highly plausible that self-powered
implantable or wearable medical sensors and electronic devices will become predominant
modalities in the field of cardiovascular diagnosis and treatment.
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Implantable heart

Figure 1.
Applications of nanogenerator technology for cardiovascular sensing and monitoring.
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Figure 2. Implantable NG-based heart activity sensors.
A. Self-powered wireless cardiac activities sensor. (i) Schematic design of the implantable

TENG (iTENG). (ii) Encapsulation process of the iTENG. (iii) Schematic diagram of the
self-powered wireless transmission system based on the iTENG. (iv) Wireless transmission
signals received at different heart rates (charging time = 10 s) and different charging times
(HR =60 bpm). (v) V¢ and I measured from the iTENG in vivo and simultaneously
recorded ECG from the swine. Reproduced with permission [78]. Copyright 2016, American
Chemical Society. B. In-situ gap generation of a no-spacer TENG. (i) Schematic diagram

of the in-situ gas gap generation in the no-spacer TENG. (ii) The output voltage of

the no-spacer TENG at anterior wall and the corresponding ECG of the rat injected

with epinephrine. Reproduced with permission [79]. Copyright 2021 Elsevier Ltd. C.
Transcatheter self-powered endocardial pressure sensor. (i) Schematic of corona discharge
for performance improvement. (ii) Photograph of a device integrated with a surgical delivery
system. (iii) Schematic diagram of the SEPS implanted into left atrium and a commercial
arterial pressure sensor placed in the right femoral artery. (iv) The comparison of output
SEPS signals with and without the ventricular fibrillation. Reproduced with permission [80].
Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3. Wearable PENG-based cardiovascular sensors.
A. Peapod-inspired hierarchical PENG. (i) Conceptual illustration of the piezoelectric

ZnSn03-SMC-P(VDF-TrFE) NFs. (ii) Schematic illustration of the piezoelectric device
configuration. (iii) Schematic illustration of the electrospinning process used to prepare
the P(VDF-TrFE)-based NFs. (iv) The device attached on the wrist. (v) Real-time output
waveforms produced by the piezoelectric device when attached to the wrist. Reproduced
with permission [85]. Copyright 2022, Elsevier Ltd. B. Ultrathin epidermal piezoelectric
sensor. (i) Schematic illustration of the fabrication process of a self-powered pressure sensor.
(ii) Radial artery pulse signals detected by the self-powered pulse sensor. Reproduced with
permission [87]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
C. Self-powered 2D-material sensor. (i) Photo and optical microscope image of the SnSe
piezoelectric device. (ii) Output voltage signal of a typical SnSe nanogenerator. (iii) Heart
rate detection by attaching the SnSe nanogenerator on the chest of the tester. Reproduced
with permission [90]. Copyright 2020, Royal Society of Chemistry.
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Figure 4. Wear able TENG-based cardiovascular sensors.
A. Flexible and self-powered ultrasensitive pulse sensor (SUPS). (i) Schematic diagram

of TENG. (ii) The linear relationship of SUPS with ECG through the analysis of R—

R interval. (iii) The output voltage of SUPS with different structure of friction layers.
(iv) The signal output of two SUPS pressed on the radial artery with the distance of

4.5 cm. Reproduced with permission [92]. Copyright 2017, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. B. Expandable microsphere-based TENG. (i) Cross-sectional
view of the PDMS-microsphere layer. (ii) Deformation process of one unit block when
pressure is applied. (iii) Voltage signals recorded during the pulse rate monitoring test.

Reproduced with permission [93]. Copyright 2019, Elsevier Ltd. C. Lever-inspired TENG.

(i) Schematic diagram of Li-TENG. (ii) Signal diagrams of pulse measurement with Li-
TENG. Reproduced with permission [94]. Copyright 2022, Elsevier Ltd.
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Figure 5. Multi-layered smart blood vessels.
A. Multifunctional piezoelectric elastomer composite. (i) Structure of the smart artery.

(i) The schematic diagram of the experimental system. (iii) Electric output in voltage

from the smart artery. Reproduced with permission [105]. Copyright 2018, Elsevier Ltd.

B. Multi-layered vascular graft based on TENG. (i) and (ii) Structure of ePTFE/PHB

TENG. (iii) Open circuit voltage of the ePTFE/PHB TENGS. (iv) Charging capacity under
different capacitor capacities (1-10 uF). (v) Set-up of the blood flow experiment. (vi) Output
signals of the ePTFE/PHB TENG under unobstructed and obstructed blood flow conditions.
Reproduced with permission [106]. Copyright 2022, Elsevier B.V.
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Figure 6. Smart blood vessels based on new fabrication methods.
A. Multifunctional artificial artery from 3D printing. (i) Schematic illustration of the electric

field-assisted 3D printing system. (ii) Schematic illustration of artificial artery consisting
of printed piezoelectric tube with sinusoidal lattice and PDMS package. (iii) Comparison
of voltage envelopes under different levels of occlusion. (iv) Voltage response of the artery
as a function of pressure change. Reproduced with permission [107]. Copyright 2020,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. B. Small-caliber vascular graft. (i)
Photos of the vascular graft (top) and optical microscope images (bottom) of its external
surface and its cross-section. (ii) Average dsz3 values for the control and the nano-doped
samples. Reproduced with permission [108]. Copyright 2019, Elsevier Ltd.
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Figure 7. Smart blood vessel patches based on the PENG.

A. Piezoelectric biosensor patch. (i) Setup for fabricating the piezoelectric composites. (ii)
Sketch of the setup simulating the cardiovascular system. (iii) Schematic of the smart graft
integrated sensor, where two clips are applied prior and after the graft and individually
closed to simulate the presence of a clot occlusion. (iv) Voltage amplitude change versus
occlusion variation for the before-clip and after-clip. (v) A change in the pressure sensed
by the graft when different occlusion applied before and after the sensor. Reproduced with
permission [109]. Copyright 2022, Elsevier Ltd. B. Implantable and self-powered blood
pressure monitoring patch. (i) Exploded view of the device showing the multilayer thin film
structure. (ii) The circumferential stress in expanded aorta wall. (iii) Waveform comparison
of the blood pressure with output voltage of the device. (iv) The waveforms of the output
voltage and filling pressure (FP) in a single cycle. (v) Photograph of the implanted patch in
vivo. (vi) The measured peak output voltage at different systolic blood pressure (BP) and
linear fits of the results. Reproduced with permission [110]. Copyright 2016, ElsevierLtd.
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Figure 8. Blood vessel patcheswith novel designs.

A. Bioresorbable dynamic pressure sensor patch. (i) Structure of the BTS. (ii) Illustration
of the BTS. (iii) Simulated abnormal vascular occlusion events are detected by the BTS.
Reproduced with permission [111]. Copyright 2021, Wiley-VCH GmbH. B. Smart patch
based on a perforation design. (i) Conceptual drawing of the smart patch mounted on a graft
in an abdominal aorta aneurysm. (ii) 30-s continuous measurement of the patch at different
cumulative pressure. Reproduced with permission [112]. Copyright 2023, IEEE.
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Figure 9. Wearable blood pressure sensors.
A. Flexible weaving constructed self-powered pressure sensor. (i) Schematic of the pressure

sensor and its weaving pattern. (ii) Schematic of the cross-sectional view and the electrical
signal generation process. (iii) The response of the sensor under tiny pressures. (iv)

Systolic blood pressure and diastolic blood pressure measurements. Reproduced with
permission [118]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. B.
Hierarchical elastomer tuned self-powered pressure sensor (HSPS). (i) Schematic structure
of HSPS. (ii) The HSPS for cardiovascular motoring. (iii) The pulse waveform, relative
pulse wave amplitude and corresponding cuff pressure during deflating process. Reproduced
with permission [119]. Copyright 2020, Elsevier Ltd.
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Figure 10. Self-powered real-time glucose sensors.
A. Self-powered electronic-skin for detecting glucose level. (i) ZnO nanowire in glucose

aqueous solution and the piezoelectric output under a compressive force. (ii) Structural
design of the self-powered e-skin. (iii) The relationship between the outputting piezoelectric
voltage of the e-skin and glucose concentration under different forces. Reproduced

with permission [120]. Copyright 2016, Elsevier Ltd. B. Self-powered implantable skin-
like glucometer. (i) Device architecture, material system, and fabrication procedure. (ii)
Implanting the device into the mouse and the measurement setup. (iii) The outputting
piezoelectric voltage changes before and after injection of glucose solution. Reproduced
with permission [121]. Copyright 2018, Springer. C. Self-powered closed-loop brain-
machine-interface system. (i) The components of the system. (ii) The increase percentage of
blood glucose concentration with electrical stimulation. Reproduced with permission [122].
Copyright 2021, Elsevier Ltd.
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Figure 11. TENG-based blood oxygen sensors.
A. Self-Powered flexible blood oxygen monitoring system. (i) The schematic illustration,

SEM image and the fabrication process of the self-powered flexible blood oxygen
monitoring system. (ii) The image of the flexible device structure. (iii) The charging curve
of the battery charged by the TENG. (iv) The blood oxygen signal of the red LED and

the IR LED. Reproduced with permission [123]. Copyright 2019, by the authors. Licensee
MDPI, Basel, Switzerland. B. Wearable SpO, monitoring system. (i) The schematic device
structure and the fabrication process of TENG. (ii) The PPG signal measured by the red
LED. Reproduced with permission [124]. Copyright 2021, Tsinghua University Press and
Springer-Verlag GmbH Germany, part of Springer Nature.
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Table 1.
Sensors for heart activities monitoring
Function Device Name Technical Highlights Citation
. - Real-time wireless remote cardiac

Implantable TENG cardiac monitor monitoring 78
Implantable NG-based heart activities Self-powered endocardial pressure Ultrahigh sensitivity; High mechanical 79

sensors sensor stability

. No spacer; More uniform stress/strain
No-spacer TENG-based monitor distributions 80
ZnSn0O3-SMC-P(VDF-TrFE)-based Surface-modified carbon nanotubes; 85
pulse sensor Significant enhancement output
Self-powered flexible pulse sensor Ultra-thin; Conformal contact with the skin 87
Self-powered sensor unit 2D materials 90
Wearable NG-based heart activities g i Excellent long-term performance; Real-
Sensors Self poweredslélr:;%?en5|t|ve pulse time monitoring; High peak signal-noise 92
ratio
Expandable microsphere-based Low-cost and simple fabrication process; 93
nanogenerators Ultrahigh sensitivity

Lever-inspired contact separation Controllable output voltage 94
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Table 2.

Sensors and monitors for blood vessels

Page 37

Function Device Name Technical Highlights Citation
Multifunctional elastomer composites Good mechanical properties; Multi-layered structure 105
ePTFE/PHB TENG- based vascular araft Excellent pressure sensitivity; Supporting tissue 106
g regeneration; Detecting hemodynamic conditions
Smart blood vessels 3D-printing in situ-poled ferroelectric 3D printing technology; Superb piezoelectric 107
artificial arteries performance; Desirable mechanical modulus
ali Spray deposition technology; Great mechanical
Small-caliber vascular graft properties 108
Self-monitoring biosensor for artificial graft High piezoelectric sensitivity; Low elastic modulus 109
PETF-based implantable and self-powered High sensitivity; High output performance in vivo; 110
monitor Monitoring the hypertension status
Blood vessel patches
. . . Antibacterial bioresorbable material; Identifying
Bioresorbable triboelectric sensor abnormal vascular occlusion; Good durability 11
Perforation-designed smart stent Unique perforation design 112
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Table 3.

Wearable blood sensors

Page 38

monitor

Function Device name Technical highlights Citation
Weaving constructed self-powered pressure Ultrafast response; Long-term stability; Low power 118
Wearable blood pressure sensor consumption

Sensors Flexible hierarchical elastomer tuned Wide pressure range; Hierarchical microstructures; 119

pressure sensor High signal noise ratio
Self-powered electronic skin Nanowire arrays; Conformal contact with the skin 120

Self-powered implantable skin-like . A : .
Glucose sensors glucometer Real-time detection; In vivo test in the mouse 121

Self-powered closed-loop brain-machine- - .
interface system Adjusting blood glucose concentration 122
Self-powered blzggtgéygen monitoring High flexibility; Detecting PPG signal 123
Blood oxygen sensors

Performance-enhanced wearable SpO, Stretchable electrodes; Simple and cost-effective 124

fabrication method
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