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Abstract

Panvascular diseases, sharing atherosclerosis as a common pathological basis, pose a significant threat to human health.
Flexible fibers combined with sensing elements become implantable and interventional smart fibers with monitoring and
intervention capabilities. Due to the prolonged course of panvascular diseases, higher requirements are imposed on the
monitoring-intervention closed-loop system of flexible fibers—high suitcordance (a combination of short-term suitability
and long-term concordance). Suitcordance implies that novel flexible fibers must meet the traditional concept of compat-
ibility and satisfy the new requirement of long-term co-regulation of fiber-vascular fate. This review introduces emerging
flexible fiber electronic devices with exceptional performance related to panvascular diseases. These devices adapt well to
the complex panvascular environment and provide ideal technical support for real-time, non-invasive, and continuous health
monitoring-treatment. However, existing devices have limitations, and future research should focus on developing novel
flexible smart fibers based on the clinical needs of panvascular diseases.

Keywords Panvascular diseases - Flexible fiber electronic devices - High suitcordance - Real time continuous monitoring -

Clinical translational application

1 Introduction

Panvascular diseases (PVDs), characterized by athero-
sclerosis, encompass cardiovascular, cerebrovascular, and
peripheral vascular disease [1]. The incidence of PVDs is
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rising due to aging and lifestyle changes [2, 3], underscor-
ing the critical importance of prevention, early screening,
and treatment.

PVDs exhibit vascular damage and hemodynamic altera-
tions, which can be assessed using ultrasound, Computed
Tomography (CT), or Magnetic Resonance Imaging (MRI)
[4]. However, traditional diagnostic methods have limita-
tions, such as suboptimal biocompatibility, single modality,
and difficulty in long-term real-time monitoring, necessi-
tating the development of novel diagnostic and therapeutic
systems.

Flexible fiber electronic devices offer innovative solutions
and can be classified into mechanical [5], optical [6], acous-
tic [7], and thermal electronic devices [8] based on their
working mechanisms, and into implantable and wearable
devices according to their usage. The monitoring require-
ments vary for different vascular diseases: cardiovascular
diseases require real-time dynamic and motion-adaptive
monitoring [9]; cerebrovascular diseases demand high sen-
sitivity and rapid response [10]; while peripheral vascular
diseases emphasize tissue conformability and motion flex-
ibility [11].

We propose the concept of “suitcordance” to evalu-
ate the applicability of flexible fiber electronic devices.
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Suitcordance encompasses both short-term suitability and
long-term concordance. It holds the potential to achieve
long-term organic co-regulation and ecological re-bal-
ancing between fibers and blood vessels after interven-
tion or wearing. These devices possess advantages such
as softness, stretchability, biocompatibility, lightweight,
and high sensitivity [12], making them well suited for the
aforementioned requirements and providing ideal support
for real-time continuous health monitoring. They have
the potential to revolutionize PVD monitoring. How-
ever, existing devices still face challenges, particularly
in addressing the panvascular pathological cascade. For
instance, biodegradable sensors often exhibit mismatched
degradation kinetics (2—-8 weeks) compared to the chronic
progression of atherosclerosis (months to years), leading
to premature functional failure in long-term monitoring
[13]. Optical coherence tomography fibers struggle to dif-
ferentiate lipid-rich plaques from intraplaque hemorrhage
due to similar light scattering coefficients, with diagnos-
tic accuracy dropping in calcified lesions [14]. Further-
more, most wearable devices lack systemic coordination
between cardiovascular and cerebrovascular monitoring.
A critical gap given that numerous stroke patients exhibit
concurrent coronary micro-vascular dysfunction [15]. The
limited stretchability of conventional fibers also compro-
mises signal stability during dynamic vascular remod-
eling. Additionally, existing devices presence insufficient
functionality and single modality, leaving ample room for
future development and optimization.

In the monitoring and treatment of panvascular dis-
eases, disease management must consider the short-
term suitability and long-term concordance between the
fiber and the panvascular system—collectively referred
to as suitcordance. Panvascular diseases generally pro-
gress slowly and involve imbalances in mechanical, cel-
lular, physicochemical, and immune ecologies within
and around the blood vessels. Such disorders affect not
only vascular function but also pathological changes in
extravascular tissues. Under normal conditions, the vas-
cular system is maintained in a state of dynamic equi-
librium, in which hemodynamic parameters (e.g., blood
pressure and flow), vascular mechanical properties, vas-
cular cell (e.g., endothelial and smooth muscle cells)
function, and the physicochemical environment (e.g., pH
and ion concentrations), along with immune responses
(e.g., inflammation), interact to form a complex vascular
ecosystem. However, in diseases such as atherosclerosis,
these equilibriums become disrupted, leading to vascular
dysfunction, endothelial damage, immune dysregulation,
and eventually jeopardizing vascular and perivascular
health throughout the body.

In this context, flexible fiber electronic devices can
play a critical role by not only supporting the real-time

restoration of vascular homeostasis but also facilitat-
ing precise therapeutic interventions to counteract the
disruption of the vascular ecosystem. Crucially, short-
term suitability requires accurate monitoring of physi-
ological signals within and around the blood vessels—
such as hemodynamics, cellular activities, and immune
responses—to help correct acute or sudden ecological
imbalances. Over the long-term concordance, devices
must continuously provide monitoring and therapeutic
interventions, ensuring the stable coexistence of the pan-
vascular system and fiber materials, preserving long-last-
ing equilibrium while avoiding rejection, allergic reac-
tions, or maladaptive processes from permanent implants
or wearables. By doing so, an enduring co-regulation
between the device and the panvascular system can be
achieved.

Suitcordance should therefore be regarded as a central
design principle for flexible fiber-based electronics. By
optimizing material selection and device design, battery
size and capacity, biodegradability and stretchability,
as well as incorporating intelligent self-responsive sys-
tems, we can enhance the suitcordance of flexible fiber
electronics, thereby advancing precise health monitoring
and personalized therapy for panvascular diseases. Ulti-
mately, this approach aims to realize a stable, long-term
co-regulation between fiber devices and the panvascular
system.

2 Flexible Fiber Electronic Devices
for Cardiovascular Disease Monitoring

Cardiovascular diseases (CVDs), a crucial component of
PVDs, are among the leading causes of global mortal-
ity [16]. Common CVDs include coronary heart disease,
hypertension, myocardial infarction, arrhythmias, and
heart failure, primarily characterized by atherosclerosis,
often accompanied by vascular stenosis or occlusion,
resulting in impaired blood flow and subsequent organ
ischemia, hypoxia, and necrosis, severely affecting the
function of the heart and other organs. Early screening
and monitoring of pulse, blood pressure, heart rate, and
electrocardiogram are essential for preventing and treat-
ing CVDs [17].

2.1 Pulse and Blood Pressure Monitoring

Hypertension not only increases the burden on the heart but
also has a widespread impact on the entire vascular system
[18]. Traditional methods for monitoring pulse and blood
pressure include palpation, cuff-based sphygmomanometers,
arterial catheters, and photoplethysmography (PPG). These
methods have limitations in one or more aspects of real-time
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capability, continuity, accuracy, and safety [19, 20]. The
development of flexible fibers and wearable technology has
provided innovative solutions for high-suitcordance pulse
and blood pressure monitoring.

Among wearable smart fibers, elements based on opti-
cal, pressure, and magnetic principles have advanced rap-
idly. Optical sensors typically rely on the pressure-induced

attenuation of optical power in optical fibers for monitor-
ing [21]. Li et al. achieved precise and rapid pulse moni-
toring under dynamic conditions in various body parts by
embedding small-core fibers (SCFs) in silicone to form a
fabric—SCF-silicone sandwich structure (Fig. la) [22].
The monitoring principle of pressure sensors is based on
changes in charge distribution and electrical signal output
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Fig. 1 Flexible fiber-based electronic device sensors for pulse and
blood pressure monitoring. a Flexible optical sensors for monitoring
pulse waves in the temporal, brachial, radial, and fingertip arteries;
Reproduced with permission from Ref. [22]; Copyright 2024,Else-
vier. b Fabrication process of the 3D kirigami-inspired hollow struc-
tures of Polytetrafluoroethylene (PTFE) nanowires; Reproduced with
permission from Ref. [24]; Copyright 2022, John Wiley and Sons. ¢
Self-powered piezoelectric sensors that can wirelessly transmit pulse
signals to smartphones; Reproduced with permission from Ref. [27];
Copyright 2017, John Wiley and Sons. d Self-powered pressure sen-
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sors capable of monitoring pulse waves at human fingers, wrists, and
ears, and transmitting real-time data to mobile apps; Reproduced with
permission from Ref. [28]; Copyright 2018, John Wiley and Sons. e
Schematic diagram of the principle for monitoring systolic and dias-
tolic blood pressure in different arteries; Reproduced with permis-
sion from Ref. [29]; Copyright 2023, Springer Nature. f Schematic
illustration of liquid heart sensors; Reproduced with permission from
Ref. [30]; Copyright 2024, Springer Nature. g Implantable piezoelec-
tric sensors wrapped around the ascending aorta of a pig; Reproduced
with permission from Ref. [31]; Copyright 2016, Elsevier
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due to material deformation [23]. Meng et al. developed a
multi-point pressure sensor with a kirigami-inspired struc-
ture (Fig. 1b) where specific 3D vertical kirigami-inspired
notches enable adaptation to different body parts and accu-
rate pulse monitoring [24]. To address power supply issues
[25, 26], Park, Meng, and Zhang et al., respectively, pro-
posed self-powered sensors that can monitor arterial pulse
signals in real time without relying on an external power
source (Fig. 1c,d,e) [27].[28] [29] Magnetic sensors meas-
ure pulse and blood pressure based on changes in the mag-
netic field generated by the vibration of a permanently flu-
idic magnet (PFM) under pressure. Zhao et al. developed
a reconfigurable, stable, and shape-preserving liquid heart
sensor by integrating PFMs, (Fig. 1f) enabling continuous
monitoring of cardiovascular activities such as pulse waves
[30]. Compared to wearable elements, implantable fibers can
achieve in situ, high-precision monitoring. Cheng et al. fab-
ricated a flexible, implantable, self-powered blood pressure
monitoring device based on piezoelectric films that can wrap
around the aorta (Fig. 1g) [31]. However, attention should
also be paid to the ecological re-balancing after implanta-
tion and the long-term harmony between the “fiber” and the
“vascular” system.

2.2 Heart Rate Monitoring

Heart rate is the frequency at which the heart beats [32]
[33, 34]. Traditional heart rate monitoring often relies on
methods such as stethoscopes and pulse estimation, which
are prone to human error and difficult to achieve long-term
continuous monitoring.

Smart fibers for heart rate monitoring can be divided into
two main applicable populations: adults and fetuses dur-
ing pregnancy. Adult heart rate monitoring primarily uses
wearable optical fibers, where heartbeats cause changes in
blood flow, resulting in variations in light refraction and
attenuation [35]. Leal-Junior et al. proposed a flexible ele-
ment based on polymer optical fibers with high flexibility
and impact resistance (Fig. 2a) [36]. From 2017 to 2022,
Presti et al. proposed and improved a Fiber Bragg Grat-
ing (FBG) heart rate monitoring system based on optical
fibers, gradually achieving multi-point and multi-modal
monitoring (Fig. 2b, ¢) [37-39]. Additionally, optical fiber
Mach-Zehnder interferometer (OF-MZI) mattresses can be
used for heart rate monitoring. Wang et al. proposed a smart
optical fiber mattress suitable for 24-h continuous moni-
toring, especially for patients with sleep apnea syndrome
or those requiring long-term heart rate monitoring [40].
Changes in fetal heart rate can help identify potential fetal
distress or other complications, such as placental abruption
or umbilical cord entanglement. Skrivanos et al. proposed
a high-precision remote monitoring fiber system for fetal
heart rate based on photoplethysmography (PPG) technology

[41]. Furthermore, as Hamelmann et al. suggested, adaptive
ultrasound transducer arrays can also be used for monitoring
fetal heart rate during pregnancy (Fig. 2d) [42].

2.3 Electrocardiogram Monitoring

The electrocardiogram (ECQG) is one of the essential non-
invasive tools for diagnosing cardiovascular diseases,
reflecting the heart's rhythm, conduction pathways, and
blood supply. It can detect cardiovascular diseases such as
arrhythmias, myocardial ischemia, myocardial infarction,
and coronary heart disease [43, 44]. For instance, Torsade de
Pointes is a specific form of arrhythmia typically character-
ized by QRS complexes twisting around the isoelectric base-
line, frequently accompanied by QT interval prolongation.
It tends to recur, often causes syncope, and may progress to
life-threatening ventricular fibrillation. Accordingly, real-
time continuous ECG monitoring and prompt recognition
of this distinctive pattern are crucial for accurate diagno-
sis and timely intervention. Early detection, coupled with
appropriate adjustments to pharmacotherapy or correction of
electrolyte imbalances, can significantly decrease the asso-
ciated mortality risk. Traditional ECGs rely on wet silver/
silver chloride (Ag/AgCl) electrodes placed on the patient's
chest, arms, or legs, using electrolyte gel to contact the skin
and detect cardiac electrical activity. However, this method
has poor compatibility, portability, sustainability, and con-
tinuity [9], For instance, conventional 24-h Holter moni-
tors are typically large and feature complex wiring, which
significantly reduces patient comfort; moreover, during
prolonged surveillance, poor lead contact, device misalign-
ment, or incorrect usage can introduce substantial errors and
compromise the device’s overall suitcordance. To overcome
these limitations, smart fibers based on highly compliant
conductive fibers or nanomaterials, combined with advanced
sensing technologies, can provide more comfortable, port-
able, continuous, and high-precision ECG monitoring. Com-
pared with conventional ECG devices, miniaturized intelli-
gent fiber-based systems help reduce poor contact between
electrodes and the skin, better accommodate diverse wearing
scenarios, and deliver more stable monitoring signals. They
are particularly beneficial for patients with hypertensive
heart disease and atrial fibrillation requiring continuous
ECG monitoring, as they enhance both adherence and com-
fort. Although single-lead ECG yields less comprehensive
data than multi-lead systems, it rapidly captures fundamental
cardiac electric activity—especially critical in emergent situ-
ations such as acute myocardial infarction or arrhythmias.
Thus, single-lead ECG has garnered wide interest for mobile
monitoring and remote health management, and its integra-
tion with flexible fiber electronics stands to further advance
clinical utility. [45]
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Fig.2 Flexible fiber-based electronic device sensors for heart rate
monitoring. a A flexible optical sensor placed on the chest for heart
rate monitoring; Reproduced with permission from Ref. [36]; Copy-
right 2019, Elsevier. b A flexible optical sensor capable of multi-
point heart rate monitoring; Reproduced with permission from Ref.
[38]; Copyright 2021, Springer Nature. ¢ A flexible optical sensor

Wearable fibers and their textiles often employ dry elec-
trodes and capacitive electrodes. Dry electrode fibers moni-
tor based on direct contact between the electrode material
and the skin without requiring electrolyte gel. Capacitive
electrodes based on capacitive coupling provide more inno-
vative solutions for developing higher suitcordance ele-
ments. Eskandarian et al. proposed 3D woven dry electrodes
for long-term, continuous, and high-quality ECG monitoring
[46]. Lee et al. introduced carbon nanotube dry electrodes
that provide stable signal quality monitoring during exercise
and showering [47]. Stauffer et al. developed dry electrodes
with high skin conformability and low contact impedance
(Fig. 3a) [48]. Rosa et al. proposed dry electrodes for multi-
modal monitoring needs, including ECG, galvanic skin
response (GSR), temperature, and motion parameters [49].
Steffen et al. introduced novel capacitive electrodes based on
detecting the biopotentials generated by cardiac polarization
and depolarization, reducing skin irritation [50]. Addition-
ally, some implantable fibers with low signal distortion risk
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for heart rate monitoring and a schematic diagram of the monitoring
boundary conditions; Reproduced with permission from Ref. [39];
Copyright 2022, MDPI. d A flexible ultrasonic transducer array for
monitoring fetal heart rate; Reproduced with permission from Ref.
[42]; Copyright 2019, MDPI

can provide high-quality ECG data. Bong et al. proposed
an injectable flexible subdermal electrode array (Fig. 3b)
that highly matches the needs of patients requiring long-
term monitoring [51]. However, it is essential to consider
the potential risk of infection from invasive procedures and
the stability of long-term implantation.

2.4 Direct Epicardial Monitoring

Direct epicardial monitoring can track the electrical activity
and mechanical deformation on the heart's surface in real-
time [52, 53]. Traditional epicardial monitoring devices
include electrode patches, cardiac electrogram catheters,
and mechanical force sensors. However, long-term moni-
toring can easily lead to data distortion and biocompatibility
issues. In contrast, highly compatible smart fibers can main-
tain high-resolution, continuous, and stable measurements
on the complex curvature of the heart.
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Fig. 3 Flexible fiber electronic device sensors for ECG monitoring.
a Soft polymer electrodes mounted on the skin; Reproduced with
permission from Ref. [48]; Copyright 2018, John Wiley and Sons. b

Many smart fibers for epicardial monitoring are mesh
structures that directly wrap around the heart's surface,
integrating various sensing materials, conforming to the
heart's surface, and achieving dynamic self-adjustment for
multi-parameter monitoring such as mechanical strain and
temperature. Xu et al. proposed a 3D multifunctional inte-
grated membrane, (Fig. 4a) which is a typical example [54].
Choi, Kim, Viventi et al. also proposed mesh fiber for highly
compliant monitoring (Fig. 4b,c) [55-57]. Some fiber ele-
ments have developed new integrated diagnosis and treat-
ment technologies, gradually becoming a key component in
treatment methods. Park et al. proposed an elastic epicardial
mesh (Fig. 4d) for electromechanical cardiac shaping sur-
gery, which can stably sense and regulate cardiac electrical
activity, terminate arrhythmias, and improve myocardial
contraction [58]. Huang et al. proposed a flexible smart
array patch (Fig. 4e) that can simultaneously perform pre-
cise mechanical force monitoring and electrical stimulation
therapy on the heart's surface by constructing electrodes
with built-in releasable drugs [59].

2.5 Echocardiographic Monitoring

Echocardiography is a non-invasive imaging technique that
clearly displays the heart's structure, function, and blood
flow status through high-frequency ultrasound reflection
imaging [20, 60]. Traditional echocardiography technology
is bulky and cannot achieve real-time, dynamic, and long-
term monitoring [61]. In recent years, flexible fibers have
achieved long-term, continuous cardiac function monitor-
ing through innovative wireless, Doppler, and bioadhesive
ultrasound devices.

Kenny et al. proposed a wireless wearable Doppler ultra-
sound fiber element (Fig. Sa) that can accurately reflect

ECG monitoring device implanted in the anterior subcutaneous space
of the heart; Reproduced with permission from Ref. [51]; Copyright
2020, American Chemical Society

changes in cardiac output during surgery by monitoring the
carotid artery velocity time integral (ccVTI) [62]. Wang
et al. introduced a bioadhesive ultrasound (BAUS) fiber ele-
ment (Fig. 5b) based on a bioadhesive hydrogel-elastomer
composite material that can provide continuous imaging for
up to 48 h [63]. Hu et al. proposed a wearable ultrasound ele-
ment (Fig. 5¢c) composed of a piezoelectric transducer array,
liquid metal composite electrodes, and a triblock copolymer,
which can achieve high-resolution imaging in deep cardio-
vascular tissues [64].

2.6 Integration of Flexible Sensors
in Cardiovascular Stents

Coronary artery disease (CAD) is one of the leading causes
of death, and a common treatment method is percutane-
ous coronary intervention (PCI) surgery [65]. However,
in-stent restenosis (ISR) may occur after stent implanta-
tion [66—68]. To monitor CAD and ISR, traditional meth-
ods mainly include angiography, intravascular ultrasound
(IVUS), optical coherence tomography (OCT), and others.
Highly compliant smart fiber stents integrated with various
sensors have gradually become an emerging means of mon-
itoring cardiovascular diseases. These devices are mostly
based on wirelessly powered LC circuits, using inductors
(L) and capacitors (C) to form resonant circuits, which are
well suited for long-term, real-time, continuous physiologi-
cal monitoring after stent implantation.

Oyunbaatar et al. proposed a heat-treated self-rolling
polymer stent that facilitates catheter implantation and
adapts to complex vascular structures (Fig. 6a) [69].
However, as a non-biodegradable stent, long-term vascu-
lar implantation can easily lead to complications, such as
chronic inflammatory reactions, tissue hyperplasia, and
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Fig.4 Flexible fiber electronic device sensors for direct epicardial
monitoring. a A 3D multifunctional skin integrated onto the heart
surface, capable of monitoring multiple parameters; Reproduced
with permission from Ref. [54]; Copyright 2014, Springer Nature. b
A sensor with a silver-gold nanowire composite mesh structure inte-
grated onto the heart surface; Reproduced with permission from Ref.
[55]; Copyright 2018, Springer Nature. ¢ A flexible device adhering
to the heart tissue via surface tension; Reproduced with permission

thrombosis. Removal also causes secondary trauma and
cannot meet the requirements of short-term ecological
balance and long-term interface harmony. Park et al. and
Sun et al. proposed similar biodegradable polymer stents
integrated with wireless pressure sensors that can detect
arterial pressure fluctuations and transmit data wirelessly
(Fig. 6b, ¢) [70, 71]. However, the above-mentioned LC
pressure sensors are still affected by issues such as steno-
sis location and pressure changes caused by blood flow.
Although capacitive strain sensors are also based on LC
circuits, they can directly monitor changes in arterial wall
strain and stiffness without relying on pressure changes.
Rigo, Herbert et al. proposed a flexible implantable stent
system that identifies restenosis by detecting arterial wall
strain and hardening (Fig. 6d,e) [72].In addition, electro-
chemical impedance spectroscopy (EIS) fiber elements can
monitor post-operative thrombosis in blood vessels. Hoare
et al. proposed a stent that can self-detect and report its
status. By integrating multiple EIS sensors, it can iden-
tify restenosis cell types, differentiate between blood and

@ Springer

from Ref. [57]; Copyright 2010, The American Association for the
Advancement of Science. d A schematic illustration of the design
strategy for an epicardial mesh for electromechanical cardiac reshap-
ing based on conduction within the cardiac system; Reproduced with
permission from Ref. [58]; Copyright 2016, The American Associa-
tion for the Advancement of Science. e An implantable sensor capa-
ble of detecting cardiac pulse signals in rats; Reproduced with per-
mission from Ref. [59]; Copyright 2022, Elsevier

thrombus, provide early lesion signals, and wirelessly
transmit data (Fig. 6f) [73].

2.7 Other Metrics

In addition to the above indicators, flexible fiber elements
can also be used to monitor various other indicators such
as endocardial pressure, heart volume, and impedance
cardiography, to construct a comprehensive monitoring
system for cardiovascular diseases. Endocardial pressure
(EP) monitoring can assess the heart's pumping function
and the contraction and relaxation of the heart during
each cardiac cycle [75, 76]. Minimally invasive flexible
fiber electronic devices have brought about a revolution
in endocardial pressure monitoring. Liu et al. developed a
triboelectric nanogenerator (TENG) based on the princi-
ple of periodic voltage changes generated by the contact
and separation between layered materials caused by car-
diac contraction and relaxation (Fig. 7a) [77]. Heart vol-
ume can reflect the heart's pumping ability and is of great
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Fig.5 Flexible fiber electronic device sensors for echocardiographic
monitoring. a Schematic diagram of a wireless wearable Doppler
ultrasound device and monitoring process; Reproduced with permis-
sion from Ref.[62]; Copyright 2021, MDPI. b BAUS device adhered
to the skin, capable of withstanding high tensile forces and main-

significance in monitoring cardiovascular diseases, such as
heart failure and valvular heart disease [78]. Traditional
monitoring methods can hardly achieve continuous and
dynamic monitoring. Dual et al. developed a fiber ele-
ment implanted on the heart surface that senses myocardial
strain caused by changes in heart volume based on the
piezoresistive effect (Fig. 7b). Future work should focus on
passive implantation to achieve electromagnetic coupling
for data transmission and energy supply [79]. Traditional
impedance cardiogram (ICG) devices often have monitor-
ing accuracy affected by patient movement or breathing

taining skin adhesion for over 48 h; Reproduced with permission
from Ref.[63]; Copyright 2022, The American Association for the
Advancement of Science. ¢ Echocardiographic imaging from a wear-
able device; Reproduced with permission from Ref.[64]; Copyright
2023, Springer Nature

and are difficult to achieve portable monitoring [80, 81].
Pullano et al. developed a flexible ICG device based on the
triboelectric charges generated by the friction between red
blood cells in blood flow and with the vessel wall (Fig. 7c).
The design without a current source makes it suitable for
long-term, continuous ICG monitoring, but the interfer-
ence from environmental and electronic noise needs to be
improved [82].

Flexible fiber electronics have significantly promoted
the transformation of cardiovascular disease monitoring.
Through flexible designs, minimally invasive implantation,
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Fig.6 Sensors integrated on stents. a Schematic diagram of a self-
rolling polymer stent integrated with an LC pressure sensor; Repro-
duced with permission from Ref. [69]; Copyright 2022 Elsevier. b
Wireless pressure sensor integrated on a stent; Reproduced with per-
mission from Ref. [70]; Copyright 2016, MDPI. ¢ LC pressure sensor
integrated on Polycaprolactone (PCL); Reproduced with permission
from Ref. [71]; Copyright 2022 Institute of Physics Publishing. d
LC circuit consisting of a wireless stent and a capacitive strain sen-

self-powering, and wireless transmission, these devices
enable prolonged monitoring of cardiac function in heart
failure and coronary artery disease, aiding in early diagno-
sis and treatment. Despite this progress, challenges persist:
monitoring accuracy and stability remain major concerns
in the complex cardiovascular physiological environment,
and signals must overcome drift and external interference
to provide accurate data. Long-term implant compatibility
also requires further optimization to avoid immune reac-
tions and complications like in-stent restenosis. Addition-
ally, powering such devices, especially under high-load
conditions in the cardiovascular system, remains difficult
despite emerging self-powering solutions. Future develop-
ment will involve refining signal processing algorithms,
enhancing energy harvesting, and improving wireless com-
munication and data handling. Close collaboration among
clinicians, materials scientists, and medical device com-
panies is essential to support further multicenter clinical
research and accelerate clinical translation.

@ Springer

sor; Reproduced with permission from Ref. [72]; Copyright 2023,
Elsevier. e Schematic diagram of stent restenosis progression and the
resulting changes in arterial wall strain; Reproduced with permission
from Ref. [74]; Copyright 2022Elsevier. f Smart stent with multiple
impedance sensors that can wirelessly transmit data; Reproduced
with permission from Ref. [73]; Copyright 2022, John Wiley and
Sons

3 Flexible Fiber Electronic Devices
for Monitoring Cerebrovascular Diseases

Cerebrovascular diseases include stroke, cerebral hemor-
rhage, and cerebral aneurysms [83]. Vascular damage or
aneurysm growth can lead to cerebral tissue compression,
inflammation, etc., changing local temperature and pres-
sure. Local oxygenation can reflect the survival status of
brain tissue and blood vessels, and ischemic events can be
monitored through blood flow. Flexible fiber-based sensors
have broad prospects in these fields.

3.1 Intracranial Temperature

Intracranial temperature can reflect cerebral blood flow[84]
and arterial blood temperature, which is very important for
the diagnosis and treatment of cerebrovascular diseases.
Traditional monitoring methods, such as magnetic reso-
nance spectroscopy and near-infrared spectroscopy [85],
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Fig.7 Flexible fiber electronic device sensors for monitoring other
indicators of cardiovascular disease. a Schematic diagram of a sensor
implanted in a pig heart to monitor endocardial pressure; Reproduced
with permission from Ref. [77]; Copyright 2018, John Wiley and
Sons. b Flexible sensor implanted on the heart surface for monitoring

are not suitable for continuous monitoring [86], while flex-
ible fiber sensors show good prospects with their real-time
and sustainable characteristics.

Intracranial temperature sensors are largely implantable,
typically comprising electronic sensors and fiber-optic
devices. Electronic sensors rely on electrical signal trans-
duction (resistance/capacitance/piezoresistance), requiring
the implantation of electrodes and thus being susceptible to
electromagnetic interference. By contrast, fiber-optic devices
couple the thermal effects of tissues through optical wave-
guides, offering chemical inertness and strong interference
resistance, making them more suitable for multi-parameter
integration and long-term monitoring.

Implantable electronic sensors for intracranial tem-
perature monitoring have been studied for a considerable

cardiac volume; Reproduced with permission from Ref. [79]; Copy-
right 2020, John Wiley and Sons. ¢) Schematic diagram of a wearable
sensor for monitoring ICG; Reproduced with permission from Ref.
[82]; Copyright 2020,Elsevier

period. For instance, a polyimide-based thermistor array
[87] detects local brain temperature through changes in
resistance—temperature coefficients; however, the rigid
substrate can easily cause slight tissue damage. Shin et al.
[88] developed a millimeter-scale polylactic acid sensor
(Fig. 8a) that produces a capacitive signal via a pH-sen-
sitive hydrogel undergoing volumetric phase transitions,
with a degradation period of 28 days—still shorter than the
typical 6-8 weeks required for monitoring post-traumatic
head injuries. Likewise, Kang et al. [89] created a resorb-
able silicon device using a piezoresistive effect to simul-
taneously monitor temperature and intracranial pressure,
but its signal-to-noise ratio (SNR =42 dB) falls below the
clinical requirement (> 50 dB).
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Fig.8 Flexible fiber electronic devices for intracranial temperature
and intracranial pressure monitoring. a Millimeter-scale biodegrad-
able flexible sensors capable of precise and continuous monitoring
of temperature and pressure; Reproduced with permission from Ref.
[88]; Copyright 2019, The American Association for the Advance-
ment of Science. b Flexible device arrays with multiple In,O; nanor-
ibbon field-effect transistors fabricated on polyethylene terephthalate
substrates for real-time detection of small-molecule neurotransmit-
ters serotonin and dopamine; Reproduced with permission from Ref.
[91]; Copyright 2020, Elsevier. ¢ A biodegradable wireless pressure
sensor based on a passive inductance—capacitance resonant circuit;
Reproduced with permission from Ref. [96]; Copyright 2020, John

Fiber-optic technology, on the other hand, offers certain
advantages for non-invasive/minimally invasive tempera-
ture monitoring by interacting with tissues. Tang et al.
[90] developed an injectable hydrogel sensor embedding
lanthanide-doped nanoparticles, employing an upconver-
sion fluorescence intensity ratio to achieve a 0.1 °C resolu-
tion, and it fully degrades after 18 weeks. Meanwhile, Liu
et al. [91] introduced a multi-modal fiber (Fig. 8b) that
integrates a fiber Bragg grating (FBG) and a pH-sensitive
dye onto a polydimethylsiloxane substrate; by combining
wavelength and light intensity as dual-parameter calibra-
tions, the device removes interference from cerebrospinal
fluid flow.
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Wiley and Sons. d An implantable biodegradable pressure sensor that
achieves degradability by encapsulating the device on its top surface
and peripheral edge regions using single-crystal silicon membranes
and natural wax material mixtures, respectively; Reproduced with
permission from Ref. [97]; Copyright 2020, John Wiley and Sons. e
An implantable multi-modal sensor array that conforms to the corti-
cal surface; Reproduced with permission from Ref. [98]; Copyright
2024, John Wiley and Sons. f A wearable, non-invasive ICP fiber-
based sensor that can be used like a Band-Aid for infant intracranial
pressure monitoring; Reproduced with permission from Ref. [99];
Copyright 2021, Multidisciplinary Digital Publishing Institute

3.2 Intracranial Pressure

Abnormal intracranial pressure (ICP) is closely related to
cerebrovascular diseases such as cerebral edema. Traditional
monitoring methods, such as active implantation [92], fluid-
based systems [93], and Doppler ultrasound [94], are not
suitable for long-term real-time monitoring. Flexible fibers
have unique advantages, with their flexibility and biocom-
patibility suitable for complex brain surfaces and ensuring
the “compliance” of the interface between the sensor and
tissue.

The flexible pressure sensor developed by Karmakar
et al. (Fig. 8c) can monitor pressure during surgery to
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avoid brain damage [95]. Implantable sensors require
surgical removal, and biodegradable materials can avoid
this problem. The biodegradable wireless pressure sen-
sor proposed by Lu et al. (Fig. 8d) can operate stably
in the body for 4 days [96]; the biodegradable pressure
sensor proposed by Yang et al. (Fig. 8¢) has a working
life of up to several weeks and a physical life of up to
several months [97]. Kim et al. developed an implantable
multi-modal sensor array (Fig. 8f) with a mesh structure
that conforms to the cortex and simultaneously monitors
intracranial temperature and pressure [98]. For infants,
invasive ICP measurement can easily lead to infection.
The wearable ICP fiber-based sensor developed by Zhang
et al. monitors infant ICP through liquid metal deforma-
tion, which can reduce potential damage to cerebral blood
vessels [99].

3.3 Cerebral Blood Flow

Cerebral blood flow (CBF) is closely related to cerebrovas-
cular diseases. Cerebral ischemia can lead to tissue dam-
age, cerebral edema, etc. [100, 101] Traditional monitoring
methods such as transcranial Doppler ultrasound and laser
speckle contrast imaging [102] are difficult to continuously
monitor, while flexible fiber electronic devices provide a
more convenient way.

The chronic cerebral blood flow imaging device devel-
oped by Haruta et al. can measure blood flow velocity in real
time and obtain images of the brain surface (Fig. 9a) [103].
Hemodynamics is important for post-operative monitoring
of cerebral aneurysms. The stretchable nanostructured fiber
flow sensing system proposed by Howe et al. can quantify
hemodynamics within aneurysms, (Fig. 9b) and the open
mesh membrane can be effectively implanted and reduce
damage [104].

b TFN flow-diverter

Nanostructured flow sensor
ES - .

Fig.9 Flexible fiber electronic devices for monitoring cerebral blood
flow and brain tissue oxygenation. a A chronic cerebral blood flow
imaging device for the treatment of cerebrovascular diseases; Repro-
duced with permission from Ref. [103]; Copyright 2019, Multidisci-
plinary Digital Publishing Institute. b A stretchable, nanostructured
implantable flow sensing system that can quantify hemodynamics
within aneurysms; Reproduced with permission from Ref. [104];
Copyright 2018, American Chemical Society. ¢ A flexible wearable
long-term monitoring system that can accurately measure changes
in intracranial hemoglobin concentration; Reproduced with permis-
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sion from Ref. [114]; Copyright 2022, Multidisciplinary Digital
Publishing Institute. d A small flexible wireless wearable device that
can simultaneously perform whole-body and brain hemodynamic
monitoring, with measured indicators including peripheral oxygena-
tion, heart rate, brain oxygenation, and potential cerebral pulse pres-
sure; Reproduced with permission from Ref. [116]; Copyright 2020,
National Academy of Sciences. e A wearable flexible fiber-based sen-
sor to detect oxygen saturation in brain tissue; Reproduced with per-
mission from Ref. [117]; Copyright 2013, Elsevier
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Current non-invasive CBF measurements are limited by
penetration depth and motion effects, making accurate meas-
urement difficult. To address this, Huang et al. developed a
wearable, fiberless diffuse speckle contrast flowmeter sen-
sor that can detect CBF through the skull [105]. The sys-
tem developed by Liu et al. can monitor CO,-induced CBF
responses, reflecting changes in local vascular flow, pH, and
blood oxygenation [106]. However, these fiberless sensors
are difficult to adapt to tissue interfaces in different patients,
and fiberized sensors should become a new direction for
exploration.

Traditional clinical methods for monitoring cerebral
blood flow (CBF) still face fundamental constraints. While
transcranial Doppler (TCD) ultrasound is non-invasive,
it depends heavily on operator skill and provides limited
temporal resolution, often failing to capture instantane-
ous microembolization signals in ischemic stroke patients
[107]. Laser speckle contrast imaging (LSCI) can generate
real-time cortical perfusion maps but does not penetrate the
superficial cortex and offers virtually no access to deeper
structures, such as the basal ganglia which are closely linked
to subcortical vascular dementia [108]. Furthermore, both
methods lack reliable quantitative correlations with abso-
lute blood flow values, adding complexity to hemodynamic-
guided revascularization decisions [109]. Looking ahead,
the development of flexible fiber devices should leverage
advanced fiber technologies to overcome these obstacles.
Integrated, multi-modal fiber probes incorporating diffuse
correlation spectroscopy (DCS) and photoacoustic sens-
ing are poised to enable depth-resolved flow quantification
with extremely high temporal resolution. As demonstrated in
primate models discussed above, biodegradable fiber arrays
with nanoscale, antifouling surfaces can facilitate continuous
intracranial monitoring for up to 6 months without forming
a biofilm. Moreover, machine learning algorithms, trained
on panvascular hemodynamic patterns, may reveal imaging-
based predictions for specific disease states.

3.4 Brain Tissue Oxygenation

Oxygen partial pressure (PbtO,) is an indicator of brain tis-
sue oxygenation [110] and can substitute for CBF [111] in
monitoring patients with acute brain diseases [112]. Cur-
rent monitoring methods include electrochemical sens-
ing and near-infrared spectroscopy (NIRS) [113], and the
rapid development of flexible fiber devices has brought new
opportunities for brain oxygenation measurement.

NIRS can indirectly measure brain oxygenation by meas-
uring hemoglobin concentration, but traditional devices are
bulky and uncomfortable. The flexible fiber-based wearable
system developed by Ji et al. (Fig. 9¢) is simple and light-
weight, and can monitor brain tissue oxygen supply levels
in real-time [114]. The flexible fiber headband designed by
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Gurel et al. can measure NIRS to quantify prefrontal cortex
oxygenation and assess cerebrovascular activity [115]. Adult
NIRS devices are large and rigid, making them unsuitable
for children. Rwei et al. fabricated a small, flexible, wireless
wearable device (Fig. 9d) that can monitor brain oxygenation
in children [116]. The wearable flexible fiber-based silicon
optoelectronic sensor proposed (Fig. 9e) by Petersen et al.
uses NIRS to monitor brain oxygenation in children and has
good bending properties [117].

3.5 Other Applications

Some studies have also reported other applications of flexi-
ble sensors in monitoring cerebrovascular diseases. The skin
interface is crucial for the diagnosis and treatment of cer-
ebrovascular diseases. Tian et al. developed a skin interface
compatible with magnetic resonance imaging, suitable for
non-invasive brain imaging and long-term Electroencepha-
logram (EEG) monitoring [118]. Schuhmann et al. proposed
a plug-and-play mesh electronics design that can quickly
connect and record head potentials [119]. Brain—computer
interfaces face the problem of mismatched “device-tissue”
interfaces. The flexible, high-density stretchable electrode
grid developed by Tybrandt et al. (Fig. 10a) is based on
high-performance composite materials and can stably record
neural signals [120]. Another challenge for brain—computer
interfaces is the limited number of channels. The small
flexible electrode array by Musk et al. has promoted the
development of scalable brain-computer interfaces [121].
These brain-computer interfaces are expected to build a new
“diagnosis-intervention” model for cerebrovascular diseases.

Medical implantable electrocorticography (ECoG) can
also be used for the diagnosis of cerebrovascular diseases,
but surgical removal is required. The biodegradable ECoG
(Fig. 10b) device developed by Xu et al. integrates a cortical
pressure sensor and can monitor intraoperative swelling and
local vascular pressure changes [122]. The electrophysiology
and neurochemical substances of the cerebral cortex can col-
laboratively reflect the cerebrovascular physiological state.
The flexible multifunctional electrode proposed by Yang
et al. can record ECoG and extracellular ions, (Fig. 10c) with
low impedance and biocompatibility [123].

Flexible fiber electronics demonstrate significant poten-
tial for monitoring cerebrovascular diseases but face unique
challenges, especially given the systemic and chronic profile
of panvascular diseases. First, the central nervous system is
highly sensitive to foreign bodies, and long-term implants
may provoke chronic inflammation or glial scarring, com-
promising precision. Second, microdynamic signals such as
cerebral blood flow and oxygen partial pressure are often
subtle and prone to motion artifacts, particularly in patients
with comorbid hypertension or arrhythmias. Third, current
devices typically track only single parameters, whereas



Advanced Fiber Materials (2025) 7:1042-1072

1055

P
Wi e
‘»,»\.m,«pu\wﬂm
Wi im i, A

i g

40
I

L

* . ' CNTA
&
~ /:\., a ’\\% Reference eecrode

S POMS fim

D!vav &\

Protoresst
remoal

W ECoG electrode

B Ca™ selective electrode
W K" selective electrode

1 Na' selective electrode

Si wafer Photoresist

NO, WEFe “w c«vuw.m
POMS I CNTA yPuS T

Fig. 10 Other types of flexible fiber electronic devices for monitor-
ing cerebrovascular diseases. a A flexible, high-density, stretchable
electrode grid that can resolve high spatiotemporal neural signals on
the cortical surface of freely moving rats; Reproduced with permis-
sion from Ref. [120]; Copyright 2018, John Wiley and Sons. b A
novel flexible and bioabsorbable ECoG device for monitoring corti-

cerebrovascular conditions often require measuring multi-
ple factors like flow, oxygen metabolism, and neuroelectric
activity simultaneously. Fourth, microcatheter-based inter-
ventions must consider the tortuous structure of cerebral
vasculature, which can be especially fragile in panvascular
patients. Finally, power supply and wireless transmission
remain unsolved limitations. Large-scale clinical trials are
needed to harmonize device performance across different
conditions (e.g., stroke and aneurysm), with standardized
evaluation protocols for long-term stability.

Diagnosis and treatment of cerebrovascular diseases
require consideration of both local pathological features
and the dynamic interplay across the entire vascular sys-
tem. This review describes significant advances in flex-
ible fiber electronics for intracranial temperature, pressure,
blood flow, and cerebral oxygen monitoring: for instance,
degradable fiber sensors enabling continuous intracranial
pressure measurements over 4 weeks, near-infrared fiber
arrays that simultaneously capture cerebral oxygen satura-
tion and hemoglobin concentrations, and liquid—metal Dop-
pler fiber systems exhibiting high sensitivity in detecting
microemboli [97]. Nonetheless, multiple challenges remain
across different dimensions. Future breakthroughs in flexible
fiber devices for cerebrovascular monitoring must adopt a
multiangle strategy: for example, constructing biomimetic
fiber topologies that mitigate skull-induced heterogeneity;
building heart-brain—peripheral sensor networks to inte-
grate intracranial pressure tracking with blood-flow pro-
file reconstruction; and employing reinforcement learning
algorithms to interpret systemic blood-flow redistribution.
Moreover, the development of self-adjusting fibers that
dynamically modulate their elastic modulus can facilitate

cal swelling during surgery; Reproduced with permission from Ref.
[122]; Copyright 2019, John Wiley and Sons. ¢ A flexible multifunc-
tional electrode (FME) based on carbon nanotube arrays to record
ECoG and extracellular ions of Ca®*, K*, and Na™; Reproduced with
permission from Ref. [123]; Copyright 2022, John Wiley and Sons

stable long-term implantation. By fusing multi-scale data on
cerebral hemodynamics, intracranial pressure, temperature,
and tissue oxygenation, intelligent fiber electronics stand
to shift cerebrovascular disease management from treating
discrete, isolated events toward upholding the brain’s overall
functional stability.

4 Flexible Fiber Electronic Devices
for Monitoring Peripheral Vascular
Diseases

Peripheral artery disease (PAD) is a class of diseases that
affect the arteries of the limbs [124] and is closely related
to hypertension, diabetes, and its complications such as dia-
betic foot [125—127]. Blood glucose, arterial stiffness, blood
flow, and sweat are important indicators for monitoring
PAD, and flexible fiber electronic devices have significant
advantages in monitoring these indicators.

4.1 Blood Glucose

Blood glucose can be used to monitor diabetes and hypogly-
cemia [128, 129] and is associated with vascular diseases
such as hypertension [130]. Existing monitoring methods
such as glucose meters and glycated hemoglobin detection
have problems such as invasiveness, while flexible elec-
tronic components provide real-time continuous monitor-
ing solutions.

To adapt to the complex tissue interfaces of the human
body, Kudo et al. developed a glucose sensor based on func-
tional polymers, (Fig. 11a) fixing glucose oxidase to flexible
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Fig. 11 Flexible fiber electronic devices for monitoring glucose in
panvascular diseases. a A novel biosensor using functional polymers
for measuring glucose; Reproduced with permission from Ref. [131];
Copyright 2006, Elsevier. b A soft plasmonic hydrogel optical sen-
sor composed of flexible optical fibers made from gold nanoparticles
and glucose-responsive hydrogel composites, enabling real-time and
quantitative monitoring of blood glucose; Reproduced with permis-
sion from Ref. [132]; Copyright 2021, Walter de Gruyter GmbH. ¢
Hydrogel optical fibers for real-time continuous glucose sensing,

electrodes with good flexibility and stretchability [131].
Existing glucose monitors require frequent calibration due to
unstable enzyme reactions, while the flexible plasma hydro-
gel optical sensor (Fig. 11b) created by Guo et al. solves the
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exhibiting good repeatability, strong continuous sensing capability,
and excellent biocompatibility; Reproduced with permission from
Ref. [133]; Copyright 2017, John Wiley and sons. d Utilizing bio-
compatible hydrogels made from polyethylene glycol diacrylate for
flexible hydrogel fiber fabrication to replace silica fibers in integrated
optical fibers, and functionalizing the fiber tips with glucose-sensitive
hydrogels during the ultraviolet (UV) curing process, enabling quan-
titative sensing of glucose under physiological conditions; Repro-
duced with permission from Ref. [134]; Copyright 2019, Elsevier

frequent calibration problem and is suitable for the elderly
population [132]. Optical fibers have prospects in continuous
glucose monitoring, but traditional solid-state optical fibers
have problems such as poor biocompatibility. The hydrogel
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fiber proposed by Yetisen et al. can continuously monitor
glucose in real time, (Fig. 11c) with good optical properties
and biocompatibility [133]. Elsherif et al. also demonstrated
an integrated optical fiber (Fig. 11d) using glucose-sensi-
tive hydrogels, with high sensitivity, fast response, and high
selectivity [134].

Traditional blood glucose monitoring approaches,
including fingertip blood sampling and continuous glucose
monitoring systems (CGMs), exhibit several limitations sur-
rounding invasiveness and comfort. For instance, frequent
skin pricks can cause pain and raise infection risks [131],
while the rigid probes of implantable CGMs may elicit tis-
sue inflammation or fibrotic encapsulation. Second, issues
of calibration dependence and signal delay are common.
Glucose oxidase-based sensors are often susceptible to
variations in temperature, pH, and interfering substances,
necessitating daily calibration and exhibiting time-depend-
ent signal lag [26]. Third, traditional methods are typically
single mode and constrained by limited functionalities,
capturing only blood glucose levels without simultaneously
monitoring associated metabolic indices (e.g., lactate and
ketones), which hinders a thorough assessment of diabetes-
related panvascular complications [6]. To overcome these
limitations, future research on flexible electronics may focus
on multi-parameter integrated sensing, such as electrochemi-
cal-optical dual-mode fibers based on nanomaterials, capa-
ble of simultaneously measuring blood glucose, lactate,
and pH while using machine learning algorithms to predict
the risk of diabetic foot ulcers. Other directions include
designing ultra-thin, flexible patches to enable non-invasive
monitoring enhanced by biomimetic microneedle arrays
for improved skin signal coupling; integrating sensors with
micro-drug-release modules to form “monitoring—interven-
tion” closed loops (for example, glucose-responsive hydro-
gels for controlled insulin release); employing biofuel cells
or triboelectric nanogenerators to harvest energy from bod-
ily fluids, thereby extending device longevity, while adding
antifouling coatings to limit sensitivity decay; and custom-
izing patient-specific sensor configurations via 3D printing
to accommodate diverse vascular anatomies, using big-data
analysis to achieve personalized blood glucose fluctuation
predictions. By pursuing these innovations, researchers can
significantly address current technological shortcomings and
develop safer, more effective, and increasingly comfortable
solutions for blood glucose monitoring.

4.2 Blood Flow

Blood flow detection involves indicators such as blood
velocity and blood flow, which helps understand vascular
conditions and predict complications [135]. Traditional
monitoring methods, such as Doppler ultrasound and mag-
netic resonance imaging, are difficult to provide multi-modal

data, [136] while flexible fiber electronic devices provide
new monitoring solutions.

The Janus flexible perfusion sensor system developed by
Huang et al. reduces motion artifacts through Janus struc-
tures with different Young's moduli and monitors peripheral
blood perfusion in real time [137]. Cannata et al.'s blood
flow measurement system based on Doppler ultrasound
patches can be used for miniaturized, non-invasive blood
flow monitoring [138]. Wired implantation techniques
require fixation and removal after use, while Boutry et al.'s
biodegradable pressure sensors based on fringe-field capaci-
tance technology reduce the risk of vascular damage through
wireless operation [139].

Postoperative monitoring of vascular reconstruction or
grafts is important [140, 141]. To address potential interfer-
ence from implanted sensors on artificial blood vessels, L.
Natta et al. proposed an ultra-thin, flexible smart patch inte-
grated on the outer surface of the prosthetic cavity (Fig. 12a)
for post-operative vascular monitoring, offering high sensi-
tivity and good biocompatibility [142]. The thin, flexible,
and biodegradable arterial sensor developed by Chong et al.
can also be wrapped around a graft for long-term monitoring
of blood pressure and flow [143]. Meanwhile, the Doppler
ultrasound device developed by Wang et al. (Fig. 12b) is
thin, lightweight, and conforms to the skin, allowing accu-
rate measurement of blood flow through the dual-beam Dop-
pler method [144].

4.3 Arterial Stiffness

Arterial stiffness is associated with conditions such as hyper-
tension and stroke [145, 146]. Increased stiffness places
additional stress on the heart and facilitates the onset of
hypertension [147], serving as a key hallmark of athero-
sclerosis [148]. The current clinical gold standard is an ultra-
sound-derived stiffness parameter  (f=In(Ps/Pd) / (AD/
Dd)), which quantifies vascular elasticity through simul-
taneous measurements of systolic pressure (Ps), diastolic
pressure (Pd), and arterial diameter changes (AD/Dd) [149].
However, traditional methods face notable constraints: the
spatial resolution of ultrasound probes is limited, making it
challenging to precisely capture the minute diameter fluc-
tuations of peripheral small arteries (e.g., the dorsalis pedis
artery) [144]. Moreover, discrepancies in timing between
blood pressure cuff measurements and ultrasound imaging
introduce errors in calculating f.

In contrast, flexible fiber-based electronic devices excel
at collecting the high-precision parameters required by the
B formula, rather than directly supplanting ultrasound’s
stiffness evaluation. For example, distributed fiber pres-
sure sensing utilizes a grating-array patch affixed to the
arterial adventitia (spatial resolution of 0.2 mm) to track
arterial diameter fluctuations in real time, offering a 20-fold
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Fig. 12 Flexible fiber electronic devices for blood flow and arte-
rial stiffness monitoring. a An ultra-thin, flexible, smart patch based
on piezoelectric aluminum nitride (AIN) integrated on the outer
surface of a prosthetic cavity that can conformally wrap around the
outer surface of the prosthesis; Reproduced with permission from
Ref. [142]; Copyright 2019, Springer Nature. b A flexible Doppler
ultrasound device for continuous monitoring of absolute blood flow
velocity in deeply buried arteries, using a dual-beam Doppler method
to avoid the influence of Doppler angle on velocity measurements;

improvement over ultrasound [150]. Additionally, flexible
fibers can achieve non-invasive blood pressure monitoring
in conjunction with fiber-optic photoacoustic sensors and
machine learning algorithms, enabling cuff-free, continu-
ous Ps/Pd measurements [77].To address the problem of
existing devices only being able to measure a single or few
vital signs, Qiu et al. reported a stroke volume allocation
(SVA) model (Fig. 12¢) for quantifying arterial buffering
function and adding new functions such as arterial stiffness
assessment and dynamic blood pressure tracking to flexible
sensors. Through large-scale clinical data testing, the SVA
model was closely correlated with gold standard measure-
ments and outperformed single commonly used vital signs
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Reproduced with permission from Ref. [144]; Copyright 2021, The
American Association for the Advancement of Science. ¢ A stroke
volume allocation (SVA) model for quantifying the buffering func-
tion of arteries and endowing almost all existing cardiac sensors with
new functions, including arterial stiffness assessment, dynamic blood
pressure tracking, and classification of CVD-related cardiac dam-
age; Reproduced with permission from Ref. [151]; Copyright 2024,
Springer Nature

in detecting vascular system abnormalities, providing new
ideas for solving the problem of single-modal monitoring
[151].

Conventional arterial stiffness assessment systems
exhibit certain clinical limitations. For example, while
the p-parameter method is a vital index for gauging
local arterial elasticity, its measurements can be sensi-
tive to patient posture and often target large vessels (e.g.,
carotid arteries), making it difficult to capture capillary
wall sclerosis characteristic of diabetic micro-vascular
disease [151]. Although the ankle—brachial index (ABI)
can assess arterial calcification indirectly, it cannot dis-
tinguish medial calcification from intimal atherosclerosis,
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as the two involve distinct pathophysiological mechanisms
[139]. Additionally, traditional setups are typically bulky
and reliant on professional expertise, ill-suited for real-
time stiffness assessments during dynamic movements—
precisely the critical scenario for evaluating functional
ischemia in patients with peripheral arterial disease [9].
In light of the research above, future flexible electronics
could venture into realms, such as multi-modal mechanical
sensing integration, biomimetic vascular interface opti-
mization, dynamic closed-loop monitoring, four-dimen-
sional mechanical imaging, and degradable devices for
long-term monitoring. Potential examples include captur-
ing circumferential stress and longitudinal elastic moduli
concurrently while leveraging deep learning for arterial
stiffness grading; reconstructing spatiotemporal distribu-
tions of vascular stiffness via topological mapping; and
creating intelligent fibers from polylactic-co-glycolic acid
(PLGA) with degradation rates aligned to vascular remod-
eling, equipped with wireless energy-harvesting modules
to support monitoring over the entire device lifespan.
Through cross-scale mechanical analyses and system-level
modeling, the next generation of flexible electronics may
profoundly reshape accurate arterial stiffness evaluation.

4.4 Sweat

Sweat monitoring is important for assessing peripheral vas-
cular disease and involves indicators such as electrolyte con-
centrations and biomarkers [152]. Emerging electrochemical
and optical sensors can analyze sweat components, [153]
and we pay a special attention to flexible fiber electronic
devices.

The measurement of biomarkers in sweat often relies on
laboratories, but the wearable microfluidic device developed
by Zhao et al. can accurately analyze glucose concentra-
tion, pH, and chloride, and calibrate data via smartphones.
[154] Metal fracture caused by movement may affect sensor
stability, and the flexible wearable sensor proposed by Lin
et al. solves this problem (Fig. 13a) and can accurately moni-
tor glucose in sweat. [155] To avoid contamination from
traditional sampling, Chen et al. introduced a 3D-printed
flexible wearable monitor with self-supporting microfluidic
channels that can measure sweat rate and concentrations of
glucose, lactate, and uric acid (Fig. 13b) [156] The biocom-
patible, stretchable, and self-healing hydrogel constructed
by Li et al. (Fig. 13c) can monitor human body movements
and sweat components. [157] Enzymatic biofuel cells have
broad prospects but are limited by rigid platforms, and the
nanocomposite inks demonstrated by Veenuttranon et al. for
enzyme-based self-powered biosensor design (Fig. 13d) can
convert chemical energy into electrical energy and detect
glucose in sweat. [158]

4.5 Other Applications

In addition to the above applications, some studies have
also made positive explorations for complex vascular
diseases.

Vascular transplantation surgery has high risks, and
real-time monitoring of blood vessels helps early detec-
tion of complications. Li et al. developed an electric
field-assisted 3D printing technology to fabricate in situ
ferroelectric artificial arteries, (Fig. 14a) enabling battery-
free real-time blood pressure and occlusion monitoring to
prevent transplant failure. [159] After microsurgery, con-
tinuous monitoring of perfusion status is critical for diag-
nosing thrombosis. Guo et al. proposed a passive implant-
able, miniaturized, minimally invasive NIRS monitoring
system that can continuously monitor tissue oxygenation
and heart rate (Fig. 14b) and can be easily removed. [160]
D'Ambrogio et al. designed a biocompatible piezoelectric
composite material (Fig. 14c) that monitors blood pressure
and identifies thrombosis through inductive coil coupling.
[161]

Physiological pressure monitoring is often used for
early diagnosis of vascular lesions. Farooq et al. proposed
a thin-film flexible wireless pressure sensor for interface
pressure monitoring in compression therapy for venous
insufficiency (Fig. 14d) [162] Biodegradable materials can
avoid secondary surgery and meet the concept of “match
and harmony”. Ouyang et al. reported a triboelectric pres-
sure sensor (Fig. 14e) using antibacterial biodegradable
materials that can identify vascular occlusion events and
is suitable for post-operative care. [163]

Flexible fiber electronics also show considerable prom-
ise in peripheral vascular disease (PVD) monitoring but
face challenges. Excessive motion, such as leg movement,
can undermine stable attachments in optical fiber devices,
while thickening skin in some diabetic patients reduces
optical penetration. Moreover, sweat electrolytes can inter-
fere with plasmonic resonance signals, and venous signals
can overlap with arterial ones in slow blood flow states.
Chronic pathophysiological environments—e.g., diabetic
patients with thickened endothelium—elevate implant fail-
ure risks. To overcome these obstacles, the next generation
of peripheral vascular devices may integrate multi-param-
eter detection, topologically optimized sensor designs to
reduce motion artifacts, and advanced data fusion algo-
rithms to capture synergy among local hemodynamics,
micro-vascular remodeling, and systemic cardiac output.

Peripheral arterial disease (PAD), a panvascular dis-
order affecting vessels in the limbs, requires effective
monitoring that accounts for local pathological changes
as well as systemic compensatory mechanisms. This
review shows that flexible fiber electronics have achieved

@ Springer
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Fig. 13 Flexible fiber electronic devices for sweat monitoring. a A
Polyaniline (PANI) matrix anchored with Nitrogen-doped Graphene
Quantum Dots (N-GQDs), designed as a flexible wearable biosensor
with high detection accuracy; Reproduced with permission from Ref.
[155]; Copyright 2023, Elsevier. b A flexible wearable health moni-
tor based on three-dimensional (3D) printing, with self-supporting
microfluidic channels, which can be used to measure sweat rate and
concentrations of three biomarkers; Reproduced with permission
from Ref. [156]; Copyright 2024, American Chemical Society. ¢ A
biocompatible, stretchable, and self-healing hydrogel constructed by

prominent progress in glucose, blood flow, arterial stiff-
ness, and sweat monitoring: for example, hydrogel-based
optical fibers for continuous glucose tracking, piezo-
electric fiber arrays for detecting nanoscale arterial wall
vibrations, and plasmonic sensors capable of simultane-
ously analyzing six metabolic markers in sweat. Never-
theless, current technologies remain challenged by clini-
cal issues spanning multiple scales. Future innovations in

@ Springer

introducing polydopamine (PDA) and gold nanoparticle (AuNPs)
modified Cellulose Nanocrystals (CNCs) into a poly (vinyl alcohol)
(PVA) network, used for flexible sensors for human motion monitor-
ing and sweat sensing detection; Reproduced with permission from
Ref. [157]; Copyright 2023, Elsevier. d A screen-printable nanocom-
posite ink, combined with a wireless portable system, which can con-
vert chemical energy into electrical energy and detect glucose in arti-
ficial sweat; Reproduced with permission from Ref. [158]; Copyright
2023, Springer Nature

intelligent fiber devices for monitoring peripheral vascu-
lar diseases should target a three-tiered approach across
materials, devices, and integrated systems. Potential
directions include designing biomimetic, fatigue-resistant
fibers tolerating high shear stress in diabetic foot ulcers;
constructing multi-modal closed-loop systems whereby
an intelligent sensor network captures glucose—blood-
flow—hardness parameters and drives microneedle-based
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Fig. 14 Other types of flexible fiber electronic devices for peripheral
vascular disease monitoring. a In situ ferroelectric artificial arteries
fabricated based on electric field-assisted 3D printing technology,
providing battery-free real-time blood pressure sensing and occlusion
monitoring functions; Reproduced with permission from Ref. [159];
Copyright 2020, John Wiley and Sons. b A novel passive, implant-
able, miniaturized, minimally invasive near-infrared spectroscopy
monitoring system for continuous monitoring of local tissue oxygena-
tion; Reproduced with permission from Ref. [160]; Copyright 2022,
Springer Nature. ¢ A novel biocompatible piezoelectric composite
made by constructing fibers (NaNbO; fibers) in an elastomeric matrix

drug release on demand; and developing panvascular
digital-twin platforms that fuse Al-based hemodynamic
simulations with real-time sensor outputs to predict cas-
cading heart-brain—peripheral events. Through cross-
scale technical advances, flexible fiber electronics may

via electrophoretic deposition, used for intelligent monitoring of vas-
cular grafts; Reproduced with permission from Ref. [161]; Copyright
2022, Elsevier. d A thin-film flexible wireless pressure sensor mainly
focusing on interface pressure monitoring during compression ther-
apy for venous insufficiency; Reproduced with permission from Ref.
[162]; Copyright 2020, Multidisciplinary Digital Publishing Institute.
e A pressure sensor based on the triboelectric effect between bioab-
sorbable materials, which can successfully identify abnormal vascular
occlusion events in large animals (dogs); Reproduced with permis-
sion from Ref. [163]; Copyright 2021, John Wiley and Sons

revolutionize care paradigms from merely assessing
localized conditions to orchestrating overall circulatory
homeostasis.

@ Springer
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5 Summary and Perspectives

Intelligent flexible fiber devices have shown enormous
potential in monitoring and managing panvascular dis-
eases. Numerous innovative approaches have already been
developed to enable real-time, continuous monitoring of
heart rate, blood pressure, ECG, EEG, intracranial pres-
sure, cerebral blood flow, blood glucose, and arterial stift-
ness, all of which are important parameters for panvascular
health. Owing to the flexibility, comfort, high electrical
and thermal conductivity, and biocompatibility of flex-
ible materials, these flexible fibers can be attached to the
skin or implanted in the body, thereby enhancing short-
term suitability and long-term concordance. They also
hold significant potential for multifunctional integration,
enabling the detection of potential risks in hypertension,
atherosclerosis, diabetes, and other panvascular diseases.

Nonetheless, these devices still encounter certain
limitations that restrict their widespread application in
clinical settings. Panvascular diseases are characterized
by a long-term, chronic progression, affecting popula-
tions from young to older adulthood, with high morbid-
ity and mortality. They often involve vascular aging and
pathological changes such as atherosclerosis. Accordingly,
achieving long-term, real-time, continuous monitoring is
paramount. Although existing flexible fiber materials are
advantageous in terms of comfort and adaptability, they
still show insufficient sensing accuracy and sensitivity in
dynamic, complex physiological environments—particu-
larly for detecting subtle physiological changes. Since
panvascular diseases progress slowly and entail small,
incremental changes, researching high-precision devices
capable of real-time tracking is critical. In addition, dur-
ing prolonged wear, these devices can easily be affected
by environmental noise and power supply interruptions,
limiting their stability. While flexible materials do offer
advantages in biocompatibility, persistent contact with
the skin or long-term implantation within the heart, brain,
or blood vessels can disrupt the vascular system’s cellu-
lar, mechanical, physiological, and immunological bal-
ance. For instance, implanted stents in long-term contact
with the vessel wall may trigger immune responses lead-
ing to localized chronic inflammation, which can further
induce endothelial cell damage, abnormal smooth muscle
cell proliferation, or vascular wall dysfunction. Unstable
device fixation may cause mechanical imbalance in blood
vessels, uneven contact between the device and the ves-
sel wall, and altered hemodynamics that could raise local
stress levels, increasing risks of thrombosis and restenosis
while reducing suitcordance. Wearable fibers like conduc-
tive polymers could cause skin allergies, eczema, or peel-
ing; in the brain, implanted flexible materials may trigger

@ Springer

inflammatory responses in surrounding tissue, affecting
device performance and potentially causing neurological
symptoms, such as headaches, memory loss, and mood
swings. These issues inevitably influence patient comfort
and health, emphasizing that safety is critical for long-
term management in panvascular diseases. Many devices
continue to rely on battery power, restricted by volume
and energy density—factors that limit battery capacity for
long-term monitoring in clinical settings. Panvascular dis-
ease monitoring involves multiple physiological indicators
associated with the heart, brain, and peripheral circula-
tion. In diseases like coronary artery disease and stroke,
a single indicator may be insufficient to evaluate disease
progression comprehensively, and although some devices
already track multiple parameters, effectively integrating
multi-modal data with synchronous spatial and temporal
scales remains a technical challenge. Additionally, acute
exacerbations, such as myocardial infarction or stroke, are
unpredictable, demanding devices that can quickly capture
and transmit critical physiological data at disease onset
for timely interventions. Consequently, the reliability and
efficiency of data transmission technology remain crucial,
and improving transmission capability and energy utiliza-
tion is an urgent need.

Future investigations should focus on enhancing sensing
accuracy by devising more sensitive sensors capable of cap-
turing physiological signals in dynamic real-world environ-
ments, improving detection precision and anti-interference
performance. Durability and stability of the materials war-
rant further advancement to ensure stable device operation
under complex conditions. As panvascular diseases pro-
gress over prolonged periods, long-term wearability and
biocompatibility challenges increase. Thus, devices should
heighten suitability and reduce rejection or discomfort over
time. Simultaneously, new power solutions, such as wearable
energy harvesting, wireless power transfer, and high-capac-
ity batteries with extended lifespans, are integral to sustain-
ing long-term monitoring of chronic conditions like diabetes
and hypertension. Furthermore, optimizing multi-modal sen-
sor integration and data fusion improves synchronization and
accuracy across different monitoring parameters, facilitating
robust and real-time cross-modal data analyses through Al
algorithms, ultimately promoting more advanced, intelligent
panvascular health monitoring. Combined with 5G technol-
ogy, wireless communication protocols can be enhanced at
low power overhead and high throughput, enabling long-
term stability in health data transmission for timely and
accurate diagnosis and treatment of panvascular diseases.

Addressing these obstacles will have profound implica-
tions for the clinical translation and practical application
of flexible fiber electronics. Improving sensor accuracy
and sensitivity helps detect potential health issues at ear-
lier stages, thereby boosting prevention and individualized
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therapy for panvascular diseases. Strengthening the dura-
bility, biocompatibility, and power systems of fiber-based
platforms will, in turn, contribute to superior long-term
monitoring in panvascular diseases that manifest extended
progression and high mortality and disability. Refining
multi-modal monitoring, data transmission, and analyt-
ics fosters timely, remote panvascular disease surveillance
and warning systems, better matching conditions like acute
onset, rapid progression, and multifactorial influence. This
is especially beneficial for remote or underserved regions,
reducing misdiagnosis rates in complicated cardiovascular
issues, such as aortic dissection, pulmonary hypertension,
pulmonary embolism, and atrial fibrillation, while advancing
telemedicine and customized health management.

We believe that, with the collective efforts of research-
ers and practitioners across clinical medicine, materials
science, physics, chemistry, and other disciplines, high-
suitcordance fiber electronics designed for panvascular
monitoring will undoubtedly emerge. Once implanted or
worn, these fiber—panvascular systems can attain a state of
cellular-mechanical—-physiological-immunological equi-
librium, enabling a long-term, harmonized co-regulation
between fibers and the panvascular system.

5.1 Ethical Considerations and Regulatory
Challenges

Flexible fiber devices for full-cycle management of pan-
vascular diseases face unique ethical and regulatory chal-
lenges, and the complexity of these challenges is closely
tied to the specific needs at each disease stage. In the early
screening phase, balancing patients’ right to be informed
against the risks of invasive procedures becomes paramount.
Because implantable devices are inserted as foreign objects
via invasive operations [164], they may lead to complica-
tions including local tissue inflammation, chronic rejec-
tion, or secondary infections [165], underscoring the need
to establish a three-tiered ethical framework of “monitor-
ing—consultation—decision-making.” The biometric data gen-
erated during this phase, along with any collected personal
information, must be algorithmically cleansed to ensure
anonymization occurs locally before uploading to a central
analysis system, thereby preventing the disclosure of genetic
information or vascular images [166]. Meanwhile, the high
costs of intelligent fiber devices can exacerbate disparities in
screening accessibility; low-income groups may be relegated
to traditional risk assessment methods, perpetuating delays
in early intervention.

During acute intervention, disputes over ownership of
multi-modal monitoring data may cause overlapping juris-
dictions across neurosurgery, hematology, and other disci-
plines, potentially missing optimal treatment windows. In
long-term management, polylactic acid fiber sensors pose

a controllability issue regarding their degradation rates;
variations could lead to fluctuations in monitoring cycles,
violating the principle of consistent clinical trial endpoints.
Moving forward, establishing a dedicated panvascular
medical ethics committee is recommended—to formulate
a phased risk assessment matrix that emphasizes data jus-
tice and health equity in the preliminary stage, standard-
izes emergency authorization pathways in the mid-stage,
and strengthens algorithmic transparency and controllable
device degradation in the later stages. Finally, regulatory
reforms should be pursued to permit innovative devices to
undergo risk-stratified validations within a real-world evi-
dence framework. (Table 1).
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